Studies of the DNA transcripts synthesized in a reconstructed reaction with AMV 35S RNA and purified reverse transcriptase by Minnerly, John C.
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
1984 
Studies of the DNA transcripts synthesized in a reconstructed 
reaction with AMV 35S RNA and purified reverse transcriptase 
John C. Minnerly 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Minnerly, John C., "Studies of the DNA transcripts synthesized in a reconstructed reaction with AMV 35S 
RNA and purified reverse transcriptase" (1984). Graduate Student Theses, Dissertations, & Professional 
Papers. 7348. 
https://scholarworks.umt.edu/etd/7348 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
COPYRIGHT ACT OF 1976
Th i s  i s  an u n p u b l i s h e d  m a n u s c r i p t  i n  w h i c h  c o p y r i g h t  s u b ­
s i s t s . Any  f u r t h e r  r e p r i n t i n g  o f  i t s  c o n t e n t s  m u st  be  a p p r o v e d
BY THE AUTHOR.
Ma n s f i e l d  L i b r a r y  
Un i v e r s i t y  of  Mo n t a n a  
Da t e  : 1  Pi d.

STUDIES OF THE DNA TRANSCRIPTS SYNTHESIZED IN A RECONSTRUCTED 
REACTION WITH AMV 35S RNA AND PURIFIED REVERSE TRANSCRIPTASE
By
John C. Minnerly 
B.A ., University o f Montana, 1980 
Presented in p a rtia l fu lf illm e n t o f the requirements
fo r the degree o f 
Master o f Science 
UNIVERSITY OF MONTANA 
1984
Approved by:
Chairman, Board o f Examiners 
De^v Graduate SchSdl ÿr
______________________/ -  / y
Date
UMl Number: EP38149
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction Is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMT
UMl EP38149
Published by ProQuest LLC (2013). Copyright in the Dissertation held by the Author.
Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code
ProQuest'
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 - 1346
M innerly , John C ., M .S ., 1984 Chemistry
Studies o f the DNA Transcrip ts Synthesized in  a Reconstructed Re­
action With AMV 35S RNA and P u rifie d  Reverse Transcriptase (153 pp .)
D ire c to r: Kenneth F. Watson
The avian m yeloblastosis virus (AMV) reconstructed reaction  was 
used to  in v es tig a te  the DNA tra n s c rip ts  synthesized w ith  AMV 35S 
RNA and p u rifie d  RNA-directed DNA polymerase (reverse tra n s c r ip t­
ase). The goals o f th is  study were: 1) to  optim ize in  the presence 
o f a new b u ffe r system the reconstructed reaction  w ith respect to  
genomic-length DNA synthesis and to  examine the DNA tra n s c rip ts  
synthesized; 2) to  construct a re s tr ic t io n  map o f the DNA products 
based upon cDNA tra n s c rip ts  o f various lengths; and 3) to attempt 
to  detect whether genomic DNA tra n s c rip ts  synthesized in  a recon­
structed  reaction  contain a copy o f the second long term inal re ­
dundancy (LTR) »
Each component o f the AMV reconstructed reaction  was examined to  
ascerta in  i t s  e ffe c ts  on genomic-length DNA synthesis. Use o f  
potassium phosphate (pH 8 .0 )  instead o f Tris-HC l as a b u ffe r  re ­
su lted  in  enhanced synthesis o f genomic DNA (7 .8 -8 .0  kb) a t  a fa s ­
te r  ra te . In a d d itio n , several plus DNA species o f d iscre te  J 
lengths were detected th a t are present in  the T ris -b u ffe re d  system.
R es tric tio n  mapping was performed using cDNA plus DNA duplexes. 
M u ltip le  re s tr ic t io n  s ite s  were located in the 5 ' -h a l f  o f  the cDNA 
tem plate w ith  the re s tr ic t io n  enzymes Eco R l, Bam H I , Kpn I ,  Xho 
X, Hind I I I , and Hgi A1. With the exception o f Hgi A1, the re ­
s tr ic t io n  s ite s  detected were id e n tic a l to  those previously mapped 
in  studies involv ing  AMV-specific DNA iso la ted  from in fected  c e l ls .  
Hgi A1 has not been used p r io r  to  th is  study to  map AMV. There­
fo re , two Hgi A1-s p e c ific  re s tr ic t io n  s ite s  located on the AMV ge­
nome are presented fo r  the f i r s t  tim e. The mapping method was sim­
p le , d ir e c t ,  and could possibly be applied to  o ther v ir a l  and non- 
v ir a l  RNA species.
The second LTR (S* LTR) was not s p e c if ic a lly  detected . LTR-con- 
ta in in g  cDNA tra n s c rip ts  were d e tec tab le , although the procedure 
was not s u f f ic ie n t ly  s e le c tiv e  to  d is tin g u ish  between cDNA tra n ­
sc rip ts  containing e ith e r  the f i r s t  or second LTR.
These studies demonstrate th a t the optim ized AMV phosphate-buf­
fered  reconstructed reaction  is  capable o f synthesis o f genomic- 
length DNA biochem ically s im ila r  to  those species found in  the  
endogenous reaction  or from in fected  c e lls .  This suggests th a t the  
phosphate-buffered system may be useful in fu rth e r  d e ta ile d  an a l­
ys is  o f the events o f re tro v iru s  re p lic a tio n .
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CHAPTER 1 
INTRODUCTION
The f i r s t  evidence of a lin k  between some forms of cancer and sub- 
microscopic, f i l te r a b le  agents was reported over 75 years ago when E lle r -  
man and Bang (1908) described the transmission o f avian leukemia by a 
f i l te r a b le  agent. Later, Rous (1911) reported th at chicken sarcomas 
could be induced by c e ll- f r e e  f i l t r a te s  o rig in atin g  from a so lid  tumor.
Yet these agents were la rg e ly  ignored as experimental agents u n til re ­
cently (see Gross, 1970).
Today i t  is recognized that these agents were, in fa c t ,  viruses and 
they belong to the group o f viruses known as re troviruses. Retroviruses, 
form ally known as RNA tumor viruses, are a part of the fam ily known as 
Retroviridae and belong to the subfamily Oncoviridae (Fenner, 1976).
A ll retroviruses share common ch arac teris tics : s im ila r a rch itec tu re ,
a set of structural proteins th a t are somewhat homologous; a genome con­
s is ting  of a d ip lo id  dimer o f single-stranded RNA; a v ir io n  polymerase 
capable of RNA-directed DNA sythesis (reverse tra n s c rip tio n ); and the 
presence of a double-stranded DNA intermediate during the v ira l re p lica tio n  
cycle.
Avian Myeloblastosis Virus
One member of the fam ily of R etroviridae , Avian Myeloblastosis Virus 
(AMV), consists o f a complex o f a t lea s t two types o f retroviruses (Beard, 
1963a). One o f these, AMV proper, is  re p lic a tio n  d e fec tive , causes acute 
myeloblastic leukemia (AML) in chickens, and is  able to transform myeloid
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precursor c e lls  in v itro  (Beaudreau e t a l . ,  1960; Baluda e t a l . ,  1961; 
Beard, 1963a,b; Moscovici and Z an e tti, 1970). In addition to AML, AMV 
also causes several types of neoplasia in chickens, including visceral 
lymphoid leukosis, nephroblastomas, and osteogenic osteoblastomas (Smith 
and Moscovici, 1969). Because AMV is  rep lica tio n  d e fec tive , i t  is  only 
in fectious on the presence o f a non-replication  defective helper v irus .
In addition to the leukemogenic agent responsible fo r myeloblastosis, the 
AMV complex is  composed of another type o f v irus , consisting o f two ntyel- 
oblastosis-associated viruses known as MAV-1 and MAV-2 (Moscovici, 1975). 
MAV-1 and MAV-2 are rep lica tio n  competent, function as helper viruses fo r  
AMV, and also cause the three types o f neoplasias mentioned previously  
(Smith and Moscovici, 1969; Moscovici, 1975). Unlike AMV, MAV-1 and 
MAV-2 cannot transform myeloid precursor c e lls  in v it ro . The mechanism 
by which helper viruses induce neoplasia d if fe rs  from th a t used by AMV 
to induce acute myeloblastic leukemia in th at oncogenesis by AMV appears 
to be d irec t (Baluda e t a l . ,  1983). MAV-1 and MAV-2 lack the gene car­
ried by AMV which induces neoplasia, and oncogenesis by these helper 
viruses occurs in d ire c tly , presumably by v ira l ac tiva tio n  o f a c e llu la r  
gene having oncogenic potentia l (Baluda e t a l . ,  1983).
S tru c tu ra lly , AMV is typ ical o f most retroviruses in th a t a c e n tra l­
ly  located, spherical core structure containing nucleic acid and core pro­
te in  is  surrounded by an outer l ip id  membrane (Bonar e t a l . ,  1963; L u ftig  
et a l . ,  1974). Data from both electron microscopy and hydrodynamic stu­
dies show that AMV has a diameter of 140 nm (L u ftig  e t a l . ,  1974; Salmeen 
e t a l . ,  1975). Dry weight analysis o f AMV reveals that 65% of the to ta l 
mass o f AMV is present as protein (Bonar and Beard, 1959) with 5-7% o f the
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to ta l protein present consisting o f glycoprotein. The m ajority  o f the 
rest o f the mass o f AMV is l i p i d  and phospholipid, which comprises 30- 
35% o f the to ta l weight (Bonar and Beard, 1959; Quigley e t a l . ,  1971, 
1972). Only 2 % o f the to ta l mass o f AMV is  RNA and trace amounts o f DNA 
are also present (Levinson e t a l . ,  1972).
The AMV Genome
The genome of the AMV complex is  a 60-70S RNA molecule composed of 
two identica l 34-355 RNA subunits 7 .2 -7 . 8  kb in length (B i l le te r  e t a l . ,  
1974; Delius e t a l . ,  1974; Beemon et a l . ,  1976; King, 1976; Kung e t a l . ,  
1976; Duesberg e t a l . ,  1980; Chen e t a l . ,  1981; Gonda e t a l . ,  1981). A l­
though the genome lengths of MAV-1 and MAV-2 are equivalent in size (7 .5 -  
7.8 kb),  the size of the AMV proper RNA genome is  smaller ( 7 .2 -7 .5  kb) in 
length (Chen e t a l . ,  1981; Gonda e t a l . ,  1981). The 34-355 RNA subunits 
are linked to each other near th e ir  respective 5 '-te rm in i (Bender and 
Davidson, 1976). The nature o f the linkage has not ye t been determined 
precisely , although agents th at d isrupt hydrogen bonding (h eat, formamide, 
urea and dimethyl su lfoxide) are able to d issociate the subunits (Duesberg, 
1980).
The RNA genomes o f both AMV and the helper viruses are s tru c tu ra lly  
s im ilar to eukaryotic messenger RNA. The 5 -terminus is  "capped" by the 
methylated cap structure m̂ Ĝ  ppp^^Gm (Furichi e t a l . ,  1975; Keith and
Fraenkel-Conrat, 1975; 5 to ll e t a l . ,  1977).  The m ajority  o f v ira l RNA 
subunits also contain a 100-200 nucleotide poly(rA) t a i l  a t the 3 ' -term ­
inus (Stephenson e t  a l . ,  1973; Wang and Duesberg, 1974). In ad d itio n , the 
v ira l RNA subunits also contain low levels o f méthylation (ten N^-methyl- 
adenosine residues per subunit) a t in ternal si tes (Furichi e t a l ,  1975;
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Beemon and Keith , 1977; Dimock and S to ltfu s , 1977). These three features  
are probably due to post-transcrip tiona l m odification o f the v ira l RNA 
by host ce ll enzymes.
Another major v ira l re lated  RNA species associated with AMV is a 21S 
RNA (2 .3 -2 .5  kb) containing nucleotide sequences from both the 5- and 
3 *-term in i of the 35S RNA genome (Chen e t a l . ,  1981; Gonda et a l . ,  1981).  
The 21S RNA is believed to be a subgenomic mRNA which encodes the AMV 
transforming gene. Unlike most other re tro v ira l subgenomic RNAs, the 
21S RNA is  present in s ig n ific a n t amounts in the 60-70$ RNA complex and 
is encapsidated in the v irion  (Stacey e t a l . ,  1977; Gonda e t a l . ,  1981). 
The appearance of 21S RNA is  possibly due to a sp lic ing  mechanism involv­
ing the genomic 35S RNA.
Other nucleic acids associated with avian retroviruses include minor 
amounts of host c e ll 283, 183, and 53 ribosomal RNA (Obara e t a l . ,  1971; 
Paras e t a l . ,  1973), host tra n s fe r RNAs (tRNAs) (Sawyer and Dahlberg,
1973; Waters and M u llin * 1977), c e llu la r  derived polyribosomal 73 RNA 
(Erikson and Erikson, 1976), and small traces of DNA (Riman and Beau­
dreau, 1970; Levinson e t a l . ,  1972; D arlix  e t a l . ,  1977). With the ex­
ception of the 283 and 183 rRNA, these nucleic acids are found only in 
minor amounts associated with the 60-703 RNA complex (Sawyer and Dahlberg, 
1973; Faras e t a l . ,  1973; D arlix  e t a l . ,  1977). Other than the tRNA spe­
c i f ic  fo r tryptophan (tRNA^^P), which acts as a primer fo r DNA synthesis 
in AMV, i t  is  unknown whether these extragenomic nucleic acids are random­
ly  encapsidated in the AMV v ira l p a rtic le  upon budding from the c e ll or 
i f  they serve an as ye t unknown, sp ec ific  purpose.
structural Features o f the 35$ RNA Genome
AMV is  s im ila r to other retroviruses in th a t a RNA primer molecule 
is required to in i t ia te  synthesis o f DNA. S p e c if ic a lly , the RNA primer 
specific  fo r AMV is  the transfer RNA specific  fo r tryptophan. The 
tRNA^^P primer is  located 100  nucleotides from the 5 '-terminus o f the 
35S RNA subunit (S to ll e t  a l . ,  1977) and has been shown to be specific  
fo r tryptophan as determined by i ts  primary nucleotide sequence and by 
i ts  amino acid accepting a b i l i t y  (Harada e t a l . ,  1975). Only the l as t  16 
nucleotides on the 3* end of the tRNA^^^ primer molecule are bound to the 
35S RNA template.
Retroviruses are unusual in th a t the genomic RNA contains repeated 
sequences at the 5 ’-  and 3 '-te rm in i of the RNA subunit (Haseltine e t a l . ,  
1977; Schwartz e t a l . ,  1977; S to ll e t a l . ,  1977).  With respect to AMV, 
th is  repeat sequence (known as the d ire c t terminal or short terminal re ­
dundancy) is 19 nucleotides in length (S to ll e t a l . ,  1977) immediately 
adjacent to the 5* cap structure and e ith e r 16 or 19 nucleotides in length 
at the 3 '-terminus adjacent to the poly(rA) t a i l .  The heterogeneity in  
length o f the short terminal redundancy (STR) a t the 3 ’ -terminus is  due 
to the presence or absence o f the trin u c le o tid e  sequence 5'-CCA-3' (S to ll 
et a l . ,  1977). The o rig in  o f the heterogeneity a t the 3 '-terminus is  
unknown, but may re f le c t  true genetic heterogeneity w ith in  AMV or the het­
erogeneity may occur during tra n s c rip tio n , post-transcrip tional processing, 
or by exonucleolytic damage. Supporting the non-heritable theory is  the 
fac t th a t a s im ila r terminal heterogeneity has been found in Rous sarcoma 
virus (Schwartz e t a l . ,  1977).
Avian retroviruses contain four known genes (Bishop, 1975).  Three o f
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the four genes are required fo r re p lic a tio n  (Fig.  1) o f the re trov irus  
and include; gag, which encodes the v ira l core structura l proteins; env, 
which encodes the glycoproteins found in the v ira l envelope; and po l , 
the gene which encodes the RNA-dependent DNA polymerase. The fourth gene, 
one, is  the gene responsible fo r oncogenesis. The one gene confers upon 
retroviruses the a b i l i ty  to induce neoplasia (Graf and Berg, 1978; Dues­
berg, 1980; Sheiness e t a l . ,  1980). The term "one" is  a general one, 
and the id e n tity  o f the one gene varies between d if fe re n t types of re tro ­
viruses. In the case o f AMV, the one gene is  known as amv (previously  
known as myb or luk) and is  the gene responsible fo r transformation o f 
hematopoietic c e lls  (Roussel e t a l . ,  1979; Chen e t a l . ,  1980; Souza 
e t a l . ,  1980; Baluda e t a l . ,  1983).
In contrast to  many other re tro v iru ses , n e ither the RNA genomes of 
AMV or MAV-1 and MAV-2 contain a l l  four genes (Baluda e t a l . ,  1983). Both 
MAV-1 and MAV-2 encode fo r a l l  three s tructura l genes; gag, env, and p o l, 
but lack the leukemogenic sequences fo r  the amv gene. The 34S RNA genome 
of AMV lacks the env gene in its  e n tire ty  and probably contains a defective  
pol gene (Souza e t a l . ,  1980; Baluda e t a l . ,  1983). The most l i k e l y  ex­
planation is  th at the amv gene arises by c e llu la r  in s ertio n . Evidence 
supporting th is  idea comes from the fa c t that c e llu la r  DNA sequences anal­
ogous to amv have been found in chickens, ducks, human hematopoietic neo­
p la s tic  c e l l s ,  and other vertebrate species (Souza e t a l . ,  1980; Bergmann 
e t a l . ,  1981; Perbal and Baluda, 1982a,b; Westin e t a l . ,  1982; Baluda e t  
a l . ,  1983). Studies using leukemic chicken DNA have shown th a t the c e llu ­
la r  amv sequences (c-amv or proto-amv) are contained in a unique DNA seg­
ment 8-9 kb in length and are s p l i t  by at least f ive  large intervening
5-  ,-------! î i l -------- L_ÎA^ 3- 35S
5 - —   I__E2i____ i-Jü iï____ i f - A „  3 ' 34s
1.)
5* H  ^ --------- 12_ A^ 3* 21S
Fig. 1. V irus-Specific RNA Species Detected in  AMV Transformed 
Myeloblasts. Three major v iru s -s p e c ific  RNA species found in AMV 
transformed myeloblasts are presented with th e ir  re la t iv e  sizes 
(Adapted from Chen e t a l . ,  1981).
35S RNA -  MAV-1 and MAV-2 RNA genome
34S RNA -  AMV RNA genome
21S RNA -  Subgenomic RNA species re lated  to AMV 34S RNA 
The abbreviations re fe r  to the locations w ith in  each species o f the 
gene coding sequences. See te x t fo r d e ta ils .
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sequences lacking homology with amv (Perbal and Baluda, 1982a,b; Baluda 
e t a l . ,  1983). I t  has been suggested th a t these c e llu la r  DNA sequences 
represent normal eukaryotic genes (Bishop e t a l . ,  1979; Duesberg, 1980; 
Bishop, 1981). Other c e llu la r  analogoes homologous to  the oncogenes of 
several other types of avian, fe l in e ,  murine, and simian retroviruses have 
been discovered recently (Roussel e t a l . ,  1979; Spector e t a l . ,  1979; 
Stehelin e t a l . ,  1979; Canaani e t a l . ,  1980; Defeo e t a l . ,  1981; Shalloway 
e t a l . ,  1981; Vennstrom and Bishop, 1982; Vennstrom e t a l . ,  1982).
Another region o f the 35S RNA genome is  the c, (common) region which 
is present in the f i r s t  400-500 nucleotides adjacent to the 3*-term inal 
poly(rA) t a i l  (Wang, 1978). This region is  s im ila r in most, i f  not a l l ,  
retroviruses, and is  highly conserved (T s ich lis  and C o ffin , 1980). Se­
quencing studies of avian sarcoma virus RNA has shown th at the _c region 
contains numerous stop codons in a l l  three reading frames, and is  probably 
not translated  (Czernilofsky e t a l . ,  1980; Yamamoto e t a l . ,  1980). The 
ç_ region is  found in both the AMV 34S RNA and MAV-1 and MAV-2 353 RNA ge­
nomes. The £  region may serve a regulatory ro le  since v ira l recombina­
tion  studies suggest roles fo r th is  region in e ffic ie n c y  o f virus r e p l i ­
cation , and possibly in oncogenesis by avian retroviruses lacking an one 
gene (Ts ich lis  and C o ffin , 1980; Robinson e t a l . ,  1980; Crittenden e t a l . ,  
1981; Hayward e t a l . ,  1981; Neel e t a l . ,  1981).
Retrovirus Replication
In 1964, i t  was f i r s t  proposed that a double-stranded DNA interm edi­
ate o f the single-stranded RNA genome of retroviruses was required to  
induce transformation (Temin, 1964). In ad d itio n , to  maintain the trans­
formed s ta te , the DNA interm ediate was integrated into  the host chromo-
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somes in a mechanism s im ila r to lysogenic bacteria . This provirus hypoth­
esis o f Temin has been supported by several major types o f experiments. 
F irs t , re tro v ira l RNA genomes encode fo r the pol gene. A ll nondefective 
retroviruses contain the enzyme reverse transcrip tase , which is  capable 
oftranscrib ing single-stranded RNA in to  double-stranded DNA (Green and 
Gerard, 1974; Verma, 1977). Second, the requirements fo r synthesis and 
in tegration of v iru s -sp ec ific  double-stranded DNA in infected ce l ls  has 
been established by nucleic acid hybrid ization studies (Weinberg, 1977; 
Taylor, 1979). Last, transfection  studies have demonstrated th a t the 
v ira l p artic les  synthesized are infectious ( H i l l  and Hi l lova ,  1976).
Reverse Transcriptase
Reverse transcriptase as isolated from AMV-infected chicks has a 
molecular weight o f 160,000-170,000 dal tons and a sedimentation coef­
f ic ie n t  in glycerol gradients o f 7.5S (Grandgenett e t a l . ,  1973; Varmus 
et a l . ,  1977; Houts e t a l . ,  1979). I t  is a s lig h tly  ac id ic  protein with  
an Iso e lec tric  point o f 6 .5  (Houts e t a l . ,  1979).  As determined by SDS- 
polyacrylamide gel electrophoresis, AMV reverse transcriptase consists 
of two subunits, a and 3 , w ith apparent molecular weights o f 65,000 and 
95,000 dal tons, respectively (Kacian e t a l . ,  1971; Grandgenett e t a l . ,  
1973; Gibson and Verma, 1974). The smaller a subunit is  s tru c tu ra lly  
re lated to the 3 subunit as determined by two-dimensional f in g e rp rin t  
analysis (Gibson and Verma, 1974) and by comparison of the try p tic  and 
chymotryptic maps of I- la b e lle d  a and 3 subunits of AMV reverse trans­
criptase (Rho e t a l , ,  1975). The structural relatedness of % to g sug­
gests that a is  a re su lt o f p ro teo ly tic  cleavage o f 3 . Like other DNA 
polymerases, AMV reverse transcrip tase is  a zinc metal 1 oenzyme containing
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1-2 g-atoms o f bound zinc per mole of enzyme (Auld e t a l . ,  1974; Polesz 
et a l . ,  1974). Two primary enzymatic a c t iv it ie s  have been ascribed to  
AMV reverse transcrip tase; a DNA polymerase which can transcribe e ith e r  
a single-stranded RNA or DNA template, and a ribonuclease (RNase H) spec­
i f i c  fo r  the RNA strand o f a DNA-RNA hybrid (Moelling e t a l . ,  1971)-
Phosphorylation and dephosphorylation of reverse transcriptase may 
constitute an important mechanism fo r i ts  regu lation . Reverse tra n s c rip t­
ase a c t iv ity  is  influenced by the extent o f phosphorylation of the enzyme 
or enzyme-associated proteins iso lated  from AMV (Tsiapalis  e t a l . ,  1976) 
and Rous sarcoma virus (Lee e t a l . ,  1975). In ad d itio n , p u rifie d  reverse 
transcriptase buffered in Tris-HCl (pH 8.3)  loses a c t iv ity  ra p id ly , while 
pools o f reverse transcriptase buffered in potassium phosphate (pH 8.0)  
are re la tv ie ly  stable (T s ia p a lis , 1976; unpublished observations). The 
loss of a c t iv ity  in T ris -bu ffered  pools o f reverse transcriptase could 
be completely restored by phosphorylation of the enzyme (Ts iapalis  e t a l . ,
1976), The influence of phosphate observed in maintenance o f reverse 
transcriptase a c t iv ity  is  possibly due to i ts  function as an endogenous 
phosphatase in h ib ito r  (Strand e t a l . ,  1971; S ilb e rs te in  e t a l . ,  1973). 
Evidence in support o f th is  theory comes from experiments demonstrating 
the deleterious e ffe c ts  o f a lk a lin e  phosphatase on p u rified  reverse 
transcriptase a c t iv ity  (Tsiapalis  e t a l . ,  1976; unpublished resu lts  o f 
Wolkowicz). In view of these find ings, p u rifie d  reverse transcrip tase  
is  buffered in potassium phosphate which prevents rapid loss of a c t iv ity .
Reverse Transcription
The process of reverse transcrip tion  has been extensively studied 
using both infected ce l ls  and c e ll- f r e e  systems. Both approaches have
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been Invaluable in studying the mechanism of reverse transcrip tion  a l ­
though each approach has i ts  lim ita tio n s .
Studies using infected c e lls  are d i f f ic u l t  because v ira l DNA com­
prises only 0.01% or less o f the to ta l c e llu la r  DNA population (Weinberg,
1977). Even with the application o f sensitive procedures such as the 
b lo t-hybrid iza tion  method o f Southern (1975),  i t  remains d i f f ic u l t  to  
iso la te  v ira l DNA fo r deta iled  analysis. The techniques associated with  
recombinant DNA technology have been used with success to obtain genetic 
lib ra r ie s  o f leukemogenic v ira l DNA clones (Si lva et  a l . ,  1982).  These 
clones have proven to be invaluable fo r investigation  o f the la te r  stages 
of reverse transcrip tion  (Taylor, 1979). Studies using infected cel ls  
have another problem. I t  is  d i f f ic u l t  to define precisely the roles o f 
v ira l and c e llu la r  enzymes involved in reverse tra n s c rip tio n , especia lly  
event that occur in the ea rly  stages o f reverse tra n s crip tio n .
In an attempt to  avoid these problems, studies of the mechanism of 
reverse transcrip tion  have been performed using c e ll- f r e e  systems. One 
approach, the endogenous reaction , e n ta ils  the use of nonionic detergent- 
disrupted virions in a su itab le  reaction mixture using the v ira l reverse 
transcriptase present in the v ir io n  (Baltim ore, 1970; Temin and M izutani, 
1970). The endogenous reaction has been shown to  be capable o f tra n s crib ­
ing single-stranded RNA in to  double-stranded DNA (C o lle tt  and Faras, 1975; 
Junghans et a l . ,  1975; Rothenberg and Baltim ore, 1976; Lai and Hu, 1978).  
The endogenous reaction has also been shown to be able to synthesize 
in fe c tiv e , genome-length double-stranded DNA copies of v ira l RNA (Rothen­
berg e t a l . ,  1977; dayman e t a l . ,  1979; Gilboa e t a l . ,  1979; Boone and 
Skalka, 1980). One lim ita tio n  of the endogenous reaction is  th a t i t  is
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d if f ic u l t  to  precisely define the system in terms o f the ind ividual e ffe c t  
of each component. With a second approach, known as the reconstructed 
reaction , the process o f reverse transcrip tion  is  reconstructed by the 
addition o f known, p u rified  components, including v ira l genomic RNA and 
reverse transcrip tase. This approach has been espec ia lly  useful in  
examining the ea rly  events of reverse tran scrip tio n .
Although the endogenous and reconstructed reactions are useful 1 in  
studying the events o f reverse tra n s c rip tio n , they have s im ila r l im it ­
ations. F ir s t ,  the y ie ld  o f genome-length DNA is re la t iv e ly  low (Taylor 
e t a l . ,  1978) in comparison with infected c e ll studies; and in ea rly  
experiments only a lim ited  representation of the v ira l RNA genome was 
transcribed in to  DNA (Garapin e t a l . ,  1973; Green and Gerard, 1976). 
Second, the to ta l y ie ld  o f DNA products from e ith e r  reaction is  sm all. 
Consequently, fu rth e r deta iled  studies of the DNA products are d i f f ic u l t  
(Taylor e t a l . ,  1978). Recent studies have centered upon optim ization of 
reaction conditions to enhance the y ie ld  o f DNA in the reconstructed and 
endogenous reactions (Junghans e t a l . ,  1975; Rothenberg e t a l . ,  1977; 
dayman e t a l . ,  1979; Gilboa e t a l . ,  1979; Boone and Skalka, 1980; Retzel 
et a l . ,  1980; Schulz e t a l . ,  1981; Olsen, 1982). In the case o f the en­
dogenous reaction , i t  appears th at a l l  of the components necessary fo r  
reverse transcrip tion  are present w ith in  the v ir io n , although the iden t­
i t ie s  o f the components necessary fo r e f f ic ie n t  reverse transcrip tion  
remain unknown. In contrast, the reconstructed reaction has not been 
shown to  be capable of synthesis o f complete, double-stranded DNA in te r ­
mediates. This suggests th a t a d d itio n a l, unknown components found in  
the endogenous reaction are lacking in the reconstructed reaction .
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Retrovirus DNA Synthesis in C ell-F ree Systems
Studies using synthetic homopolymers have shown that the DNA polymer­
ase a c t iv ity  associated with reverse transcriptase functions in an analo­
gous manner as other DNA polymerases (Baltimore and Smoler, 1971; Goodman 
and Spiegelman, 1971; Leis and Hurwitz, 1972; Wells et  a l . ,  1972). The 
in i t ia l  event th a t occurs is  the covalent link ing  o f a deoxyribonucleotide 
to the 3* -OH terminus o f a RNA or DNA primer hydrogen-bonded to a DNA or 
RNA template. The primer molecule may be as short as 4-8 nucleotides 
(Baltimore and Smoler, 1971). Elongation of cDNA complementary to the 
template occurs in the 5* to  3* d irec tio n  (Smoler e t  a l . ,  1971). In the 
case fo r AMV, the tRNÂ *̂ *̂  primer molecule is  derived from the host chick­
en c e ll (Harada e t a l . ,  1975).
Each 35S RNA template contains only one tRNA^^P binding s ite  (Sawyer 
and Dahlberg, 1973; Dahlberg e t a l . ,  1974) located 100 nucleotides from 
the 5 '-terminus of the RNA template. Only nucleotides 2-17 from the 3 *-  
end o f the tRNA '̂^  ̂ primer are ac tu a lly  hydrogen-bonded to the RNA template 
(C ordell, 1976; Eiden e t a l . ,  1976).
Since the tRNA^^P primer is  in close proximity to the 5 '-term inus of 
the 35S RNA, the cDNA tran scrip t only achieves a length of 100 nucleotides 
before the 5*-terminus of the RNA template is reached (see Fig.  2) .  This 
100 nucleotide cDNA copy, known as "strong stop" cDNA or cDNA^?^, is  a 
major product of in v itro  DNA synthesis under certa in  conditions (F ried ­
rich  e t a l . ,  1977; Haseltine e t a l . ,  1977; S to ll et a l . ,  1977; C o lle tt  
and Faras, 1978; Leis e t al , 1978; Novak e t a l . ,  1979).
The question of how cDNA^?  ̂ elongates a f te r  i t  reaches the 5 ' -term ­
inus o f the RNA template has been a central issue (Taylor and Illm ensee,
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1975; Staskus e t a l . ,  1976; C o lle tt and Faras, 1977; Haseltine e t a l . ,  
1977; Taylor, 1977). Considerable evidence has accumulated supporting 
the idea of a transcrip tional jump of cDNAg?®from the 5 '-term inus of the 
35S RNA to the 3 ' -terminus. I t  has been shown from pulse-chase studies 
and pyrimidine tra c t analysis th at cDNAg?  ̂ is elongated (Haseltine e t a l . ,  
1977; Rothenberg and Baltim ore, 1977). Much of the RNA portion of the 
cDNAg?  ̂ is  hydrolyzed, resu lting  in a single-stranded DNA t a i l  (D a rlix  e t  
a l . ,  1977; C o lle tt e t  a l . ,  1978a; Friedrich  and M oelling, 1979). In ad­
d it io n , there is the 16-19 nucleotide sequence at the 3 '-end of the nas­
cent cDNAg?® which is complementary to  the short term inal redundancy ad­
jacent to the poly(rA) t a i l  a t the 3 '-term inus of the RNA template (Hasel­
tin e  et a l . ,  1977; Schwartz e t a l . ,  1977; S to ll e t a l . ,  1977). Sequencing 
studies o f the cDNA products synthesized in the avian sarcoma virus endog­
enous and reconstructed reactions support the concept o f a tran scrip tio n a l 
jump (Omer e t a l . ,  1981; Swanstrom e t a l . ,  1981b).
DNA products have been synthesized in endogenous reactions using 
murine and avian retroviruses th at approach a s im ila r s ize and structure  
to some o f the DNA intermediates found in infected c e lls . Detergent d is ­
rupted v irions from murine leukemia virus (Gilboa e t a l . ,  1979a; Bossel- 
man and Verma, 1980) or murine sarcoma virus (Benz and Dina, 1979) are 
capable of synthesizing fu ll- le n g th , double-stranded lin e a r DNA. R estric ­
tion  mapping studies o f the lin e a r  duplex DNA have shown th a t i t  is  in d is ­
tinguishable from those found in the cytoplasm of infected c e l ls ,  and 
that i t  does contain the long terminal repeat (Gilboa e t a l . ,  1979a,b).
The cDNA is  in ta c t and contains the long terminal repeat (Boone and Skal­
ka, 1981b). In contrast to  the DNA products from the endogenous reac-
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tion  of murine re troviruses, the second strand of DNA (plus DNA) is  fra g ­
mented (dayman e t a l . ,  1979; Boone and Skalka, 1980,1981a,b). This re ­
s u lt is not surprising as the plus DNA of the lin e a r form found in the 
cytoplasm o f avian re tro v iru s -in fec ted  c e lls  is  also fragmented, in con­
tra s t to the in ta c t plus DNA found in murine re tro v iru s -in fec te d  c e lls  
(Rung e t a l . ,  1981).
Another form o f double-stranded DNA found in the murine (Gilboa e t  
a l . ,  1979a; Dina and Benz, 1980) and avian sarcoma (Clayman e t a l . ,  1979; 
Guntaka e t a l . ,  1980) endogenous reaction products is  a covalently closed 
c irc u la r form. R estric tion  mapping o f th is  form from e ith e r  the murine 
leukemia virus (Gilboa e t a l . ,  1979a) or murine sarcoma virus (Dina and 
Benz, 1980) systems have shown th a t i t  contains only one copy o f the LTR 
and resembles one o f the two c irc u la r forms found in the nucleus of in ­
fected c e lls . The c irc u la r forms from the avian sarcoma virus endogenous 
reaction have not ye t been mapped.
Synthesis o f plus DNA is in it ia te d  before the completion of cDNA 
synthesis in the endogenous reaction (Gilboa e t a l . ,  1979a; Dina and 
Benz, 1980; Boone and Skalka, 1981a). The in i t ia l  species o f plus DNA, 
at lea s t in the case fo r the murine re trovirus endogenous reaction , is  a 
discrete fragment o f uniform size (600 nucleotides) which appears very 
early  in the reaction . This early  species o f plus DNA has sequences ho­
mologous to  sequences from the 5 *- and 3 '-ends of the v ira l RNA genome 
(M itra e t a l . ,  1979; Dina and Benz, 1980). S im ilar species of plus DNA 
are synthesized early  in in fec tio n  by avian sarcoma virus (Varmus e t a l . ,  
1978; Rung e t a l . ,  1981) or mouse mammary tumor virus (Rung e t a l . ,  1981).
Many investigators have examined the DNA products from reconstructed
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reactions using p urified  reverse transcriptase and the 60-705 RNA com­
plex or the 353 RNA-tRNA subunits (Taylor e t a l . ,  1972; Leis and Hurwitz, 
1972; Haseltine and Baltimore, 1976; Haseltine e t a l . ,  1976; C o lle tt  and 
Faras, 1977; O arlix  e t a l . ,  1977; H izi e t a l . ,  1977; Schulz e t a l . ,  1981; 
Olsen and Watson, 1982). In general, ea rly  studies using the recon­
structed reaction were not as successful as studies o f the endogenous 
reaction. The DNA products from these early  studies did not approach 
the size o f the DNA products found in infected c e lls . The longest cDNA 
transcripts synthesized approached only h a lf the length of the RNA genome 
when e ith e r the 60-703 RNA complex or the 353 RNA-tRNA subunit was used 
(Haseltine and Baltim ore, 1976; Haseltine e t a l . ,  1976; C o lle tt  and Faras, 
1977; D arlix  e t a l . ,  1977; H izi e t a l . ,  1977). These results suggest 
that ad d itio n a l, unknown factors are present in the virus that f a c i l i t a te  
the elongation o f cDNA since the m ajority  o f the cDNA transcrip ts  are 
primed with the tRNA primer (Haseltine and Baltim ore, 1976; Haseltine e t  
a l . ,  1976), and p u rified  reverse transcriptase alone is  s u ff ic ie n t to 
make the correct transcrip tional jump (Swanstrom e t a l . ,  1981). Later 
studies using AMV 353 RNA and p u rified  reverse transcriptase in a recon­
structed reaction have been more successful in synthesizing long copies 
of the RNA template using c a re fu lly  optimized reaction conditions, but 
the to ta l y ie ld  o f genomic DNA remains small (Schulz et a l . ,  1981; Olsen 
and Watson, 1982). Other studies using an o ligo(dT) primer a t the 3 ' -  
terminus o f the RNA template have shown th at the reconstructed reaction  
is capable o f synthesis of nearly fu ll- le n g th  cDNA copies in high y ie ld s  
(Myers and Spiegelman, 1977; Retzel e t a l . ,  1980).
Plus DNA has been reported to be synthesized early  a f te r  the i n i t -
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nation o f cDNA synthesis in the reconstructed reaction (Olsen and Watson,
1982). Other investigators have reported that p u rified  reversed trans­
criptase is  capable of transcrib ing the 60-70S v ira l RNA complex into  
double-stranded DNA (Taylor e t a l . ,  1972; Leis and Hurwitz, 1972; H izi e t 
a l . ,  1977). In the reconstructed reaction using AMV reverse transcriptase  
and AMV 35S RNA*tRNA^*^ ,̂ the plus DNA synthesized early  in the reaction  
was found in two d iscrete sizes, 300 and 400 nucleotides in length (Olsen 
and Watson, 1982). R estric tion  mapping studies o f these two species, 
known as plus DNÂ qq and plus DNÂ qq, suggested th at they are re lated  to 
each other and th a t they are located a t or w ith in  the LTR region (Olsen 
and Watson, 1982). Plus DNÂ qq has sequences homologous to the 5 ' -  and 
3 '-end sequences o f plus DNÂ qq, and apparently contains an in ternal d e l­
etion o f 100 nucleotides. Additional evidence fo r plus DNÂ qq and plus 
DNÂ Oo comprising the LTR has come from nucleotide sequencing studies of 
AMV proviral DNA, which suggest that the LTR is composed o f a 385 base 
p air sequence (Rushlow e t a l . ,  1982). F in a lly , cDNA probes specific  fo r  
the LTR of AMV have detected plus DNÂ qq and plus DNÂ qq (Olsen and 
Watson, 1982). Other species of plus DNA unrelated to e ith e r plus DNÂ qq 
and plus DNÂ qq have also been detected in the AMV reconstructed reaction  
(Olsen and Watson, 1982). These species are re la t iv e ly  short in size  
(less than 1.5 kb) although genome-length cDNA was synthesized.
The Role o f Ribonuclease H (RNase H)
In addition to its  DNA polymerase a c t iv i ty ,  AMV reverse tra n s crip ­
tase has a second major enzymatic a c t iv i ty ,  ribonuclease H (Moelling e t 
a l . ,  1971). RNase H is  RNase specific  fo r the RNA moiety in a DNA*RNA 
hybrid (Moelling e t  a l . ,  1971; Baltimore and Smoler, 1972; K e lle r and
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Crouch, 1972; Leis e t a l . ,  1973). The RNase H a c t iv ity  appears to be an 
in tr in s ic  a c t iv ity  o f reverse transcriptase (Verma, 1977) and probably 
has a d iffe re n t functional s ite  th at the DNA polymerase a c t iv ity  (Brewer 
and W ells, 1974; Verma, 1977; Lai and Verma, 1978).
In contrast to RNase H iso lated from e ith e r c a lf  thymus or Escheri- 
chia c o l i , AMV RNase H acts as a processive exonuclease (Grandgenett and 
Green, 1974; Verma, 1975) and requires free  3 '-OH and 5'-P0^ ends (Leis  
e t a l . ,  1973). Degradation of RNA is  not dependent on concurrent cDNA 
synthesis since preformed DNA-RNA hybrids are susceptible to ribonuclease 
degradation (Baltimore and Smoler, 1972; Berma, 1975). The d irection  of 
hydrolysis o f RNA by RNase H may be e ith e r in the 5' to 3* or the 3' to 
5' d irec tion  (Leis e t a l . ,  1973). AMV RNase H shows some base s p e c ific ity  
with respect to heteropolymeric DNA*RNA hybrids in that a m ajority  of the 
hydrolysis products contain adenine at the 3 '-terminus (Myers e t a l . ,  
1980).
A s a lie n t point in reverse transcrip tion  concerns the ro le  of RNase
H. Available evidence points towards a dual ro le  fo r RNase H: to help the 
cDNAg?  ̂ make the f i r s t  transcrip tion al jump, and to provide a source of 
RNA primers fo r plus strand synthesis. Studies have shown lim ited  and 
specific  hydrolysis of the 5 '-term inus of v ira l RNA shortly  a f te r  i n i t i a ­
tion  o f cDNA synthesis (D a rlix  e t a l . ,  1977; C o lle tt e t  a l . ,  1978a; 
Friedrich  and M oelling, 1979). 01igoribonucleotides about 12-15 nucleo­
tides in length which contain the 5 ' -term inal cap structure are released 
from the template RNA a f te r  the completion o f synthesis o f (C ol-
le t t  e t a l . ,  1978a,b). RNase H degradation products have been shown to 
function as primers fo r synthesis of plus DNA using homopolymeric tem-
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Fig. 2. Summary o f the Events of Reverse Transcription in Retroviruses,
A. AMV 35 S RNA*tRNÂ *̂ *̂  genome, r  -  short terminal redundancy (s t r ) ;  
p -  353 RNA primer binding s ite .
B. In it ia t io n  o f cDNA synthesis. cDNAg?  ̂ is  synthesized in the S '-3 ' 
d irec tio n  to  the RNA 5 '-term inus, and is covalently linked to the
tRNA *̂^  ̂ primer. R -  cDNA copy o f the s tr .
C. RNase H hydrolysis of the 5 '-terminus of the 353 RNA. The 353 RNA
present in the form of a cDNA-RNA hybrid is  hydrolyzed by RNase H.
D. F irs t transcrip tion a l jump. Base pairing  o f cDNaJ?^ to the 353 RNA
3 '-short terminal redundancy occurs.
E. Elongation of cDNAg?^, and release of the in ta c t poly(A) t a i l  by 
RNase H.
F. RNase H hydrolysis o f 353 RNA complementary to the nascent cDNA.
G. In it ia t io n  o f plus DNA synthesis w ith residual 353 RNA fragments
generated by RNase H hydrolysis o f the cDNA*RNA hybrid. An early
specie shown is  plus DNÂ qq. R '-  plus DNA copy o f the s tr .
H. 3trand displacement o f 353 RNA template by plus DNA from the tRNA 
primer. Plus DNA synthesis is  in it ia te d  at other s ites  and is d is ­
continuous in AMV. At or near the same tim e, the nascent cDNA 
strand has copied the 353 primer binding s ite  (p ). P -  cDNA copy
of the *353 RNA primer binding s ite .
I .  RNase H hydrolysis o f the tRNÂ '̂ *̂  primer. I t  is not known i f  the
primer molecule is  hydrolyzed in i ts  e n tire ty  or i f  the 5 '-h a l f  is
hydrolyzed separately (step H) as shown. P* -  plus DNA copy o f P.
J. Second transcrip tion a l jump. The cDNA tra n s c rip t hydrogen-bonded 
to the primer binding s ite  displaces the o rig in a l cDNA tra n s c rip t.
K. Copying o f plus DNÂ qq by the nascent cDNA strand, resu lting  in  
generation o f the second LTR (5 ' LTR). The f in a l form shown is  
the lin e a r  cytoplasmic form containing two copies o f the LTR. The 
plus strand is  shown fragmented. L igation o f the plus strand may 
be accomplished by h ost-sp ec ific  ligases.
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pi ate*prim ers (Watson e t a l . ,  1979) or AMV 35S RNA*olIgo(dT) tem p la te .p ri­
mer (Myers e t a l . ,  1980). Use o f NaF in the homopolymeric tem p la te .p ri­
mer system, which is a known in h ib ito r o f RNase H, has been shown to in ­
h ib it  synthesis of plus DNA (Watson e t a l . ,  1979).
Other enzymatic a c t iv it ie s  are associated with AMV (fo r  a review, 
see Verma, 1977). In p a rtic u la r , a Mn^^-activated endonuclease capable 
of nicking covalently closed c irc u la r  DNA but not lin e a r DNA or s in g le ­
stranded DNA or RNA has also been described (Golomb and Grandgenett,
1978). At present, the ro le o f th is  endonuclease a c t iv ity  during reverse 
transcrip tion  is unknown.
An unwinding-like a c t iv ity  associated with reverse transcrip tion  
which is capable o f disrupting the hydrogen bonds of DNA'DNA duplexes has 
also been described (C o lle tt  e t a l . ,  1978b). I t  is  not known i f  th is  un­
winding a c t iv ity  resides w ith the reverse transcriptase molecule or with  
another p ro te in . This a c t iv ity  has been associated with the removal o f 
the 5 '-term ina l cap-containing oligoribonucleotide th at is  hydrolyzed 
from the cDNAg?^'35S RNA hybrid p rio r to the f i r s t  transcrip tion al jump 
(C o lle tt  and Faras, 1978).
Long Terminal Redundancy
The long terminal redundancy (LTR) flanks the double-stranded DNA 
re p lic a tiv e  intermediate and is  important in in tegration  of the provirus 
and as a vehicle fo r control o f v ira l RNA synthesis (Schwartz e t a l . ,
1977; Hughes e t a l . ,  1978). Unintegrated DNA in e ith e r the lin e a r or co­
va len tly  closed c irc u la r forms contains one or two copies o f the LTR 
(Shank e t a l . ,  1978; Yoshimura and Weinberg, 1979; Shoemaker e t a l . .
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1980; Van Beveren et a l . ,  1980). The mechanism of In tegration  o f the pro­
virus is  not known p rec ise ly , but the LTR is s tru c tu ra lly  analogous to 
transposable elements (S u tc lif fe  e t a l . ,  1980; Swanstrom et a l . ,  1981) 
and the provirus is  integrated into  m ultip le  s ites  o f the host chromo­
somes (Hughes e t a l . ,  1978).
LTRs contain sequences from both the 5' and 3 '-te rm in i o f the v ira l 
RNA genome and are conveniently divided into three structural domains; 
the U^, R, and Ug regions, in  respective order (F ig . 3 ) .  The region 
consists o f sequences unique to the 3 '-term inus of the v ira l RNA. This 
region shows the greatest size heterogeneity between v ira l species and 
accounts fo r much of the various lengths o f the LTRs reported fo r d i f ­
feren t retroviruses (Temin, 1981). The re la t iv e ly  short R region (16-21 
nucleotides) contains sequences from the short terminal redundancy of 
the v ira l RNA. The Ug regions contains sequences unique to the 5 '-term ­
inus of the v ira l RNA. Both the R and Ug regions of the AMV provirus are 
strongly conserved and show considerable homology with the R and Ug re ­
gions of Rous sarcoma v iru s , Rous associated v iru s , and avian endogenous 
virus proviruses (Rushlow e t a l . ,  1982).
The size of the LTR varies widely between d iffe re n t re tro v ira l spe­
c ies , ranging in size from 325 to 1300 nucleotides (Temin, 1981). The 
AMV LTR is 385 nucleotides in length (Rushlow e t a l . ,  1982) and is  larger  
than the LTRs of many other avian retroviruses (Ju and Skalka, 1980; 
Yamamoto e t a l . ,  1980; Hishimuma e t a l . ,  1981; Swanstrom et a l . ,  1981; 
Hughes, 1982) but considerably smaller than the LTRs of the mammalian 
Maloney sarcoma virus (Dhar e t a l . ,  1980) and spleen necrosis virus (Shi- 
motohno et a l . ,  1980)
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The LTR o f AMV is s im ila r In structure and function to other re tro ­
v ira l LTRs and the sequences contain several notable features (F ig . 3 ) .  
Each LTR Is  flanked by a 13 nucleotide Inverted repeat with the sequence 
5'-TGTAGTCTTAATC-3* (Rushlow e t a l . ,  1982). In unintegrated provira l DNA, 
the Inverted repeat Is  two nucleotides longer. The two nucleotides are 
los t upon In tegration  of the provirus (Temin, 1981). Twenty nucleotides 
downstream from the Inverted repeat Is  a tandem eleven nucleotide d i­
rect repeat sequence which Is  separated by an unrelated 15 nucleotide se­
quence. Tandem d ire c t repeats and Inverted repeats are ch a rac teris tic  of 
eukaryotic and prokaryotic transposable elements (Calso and M ille r ,  1980; 
Farabaugh and Fink, 1980; Gafun and P h llllp se n , 1980). The d ire c t repeats 
may also be Important In In it ia t io n  o f transcrip tion  (Temin, 1981). The 
Integrated provirus Is also flanked by a duplicated six nucleotide host 
ce ll sequence, which Is  a common feature o f prokaryotic (Bukharl e t a l . ,  
1977) and eukaryotic (Dunsmuir e t a l . ,  1980; Farabaugh and Fink, 1980; 
Levis e t a l . ,  1980) transposable elements. Immediately upstream o f the 
3 '-LTR Is  an eleven nucleotide polypurine sequence. This sequence has 
been observed In other re trov irus  provira l DNA sequences and Is  believed  
to be a signal or In it ia t io n  point fo r  plus DNA synthesis (Swanstrom e t 
a l . ,  1981).
Several DNA sequences In the LTR are believed to play a ro le In the 
regulation o f tra n s crip tio n . Immediately upstream from the R region are 
DNA sequences w ith in  the region which have been Implicated In trans­
c rip tion a l regu lation . These sequences Include a promoter-1 Ike sequence 
fo r In it ia t io n  o f transcrip tion  which Is  A-T rich  (Pribnow, 1975) and a 
hexanucleotlde sequence 5'-AATAAA-3' which Is  20 nucleotides upstream
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from the poly(rA) acceptor sequence, 5*-CACA-3* (Proudfoot and Brownlee, 
1976). Another sequence important fo r  regulation of transcrip tion  is  the 
te tranucleotide sequence 5'-GCCA-3* which is  most l ik e ly  the RNA capping 
s ite . Additional sequences, having the pentanucleotide sequence 5'-CCA- 
T T -3 ', are found 88 nucleotides upstream from the putative sequences 
coding fo r the S'-cap structure. An analogous sequence appears 70-90 
nucleotides upstream from the 5' end of the mRNA capping s ite  in most 
eukaryotic s tructura l genes (E fs tra tia d is  e t a l . ,  1980). The presence of 
the "CAT" box sequences strengthens the argument that the LTR is involved 
in regulation o f tra n s crip tio n . I t  has also been suggested th at the reg­
ulatory sequences in the 3* LTR may also serve as promoters fo r mRNA ex­
tending in to  adjacent host sequences (Rushlow e t a l . ,  1982). R etrovira l 
LTRs cloned in conjunction with eukaryotic and prokaryotic DNA serve as 
e f f ic ie n t  promoters of RNA transcrip tion  (Gorman e t a l . ,  1982). 
R estriction  Endonuclease Mapping o f AMV
R estric tion  mapping o f DNA using type I I  re s tr ic tio n  endonucleases 
has proven to be a useful an a ly tica l to o l. R estriction  endonucleases are 
enzymes th at recognize and cleave sp ec ific  DNA sequences. R estric tion  
endonucleases have been used fo r is o la tio n  and p u rific a tio n  of DNA, map­
ping of chromosomes and genes, recombination DNA experiments, and other 
types o f studies (Nathans and Smith, 1975). Well over 200 d iffe re n t  
re s tr ic tio n  enzymes have been p u rified  and iso la ted .
Only recently  has an extensive re s tr ic tio n  map fo r the AMV complex 
(F ig . 4) been published (Bergmann e t a l . ,  1980, 1981; Olsen and Watson, 
1982; Baluda e t a l . ,  1983). The AMV and MAV-1 proviruses share consider­
able sequence homology p rim a rily  in two regions of the v ira l RNA; a 5.5
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kb fragment corresponding to the 5 ' -end of the v ira l RNA genome, and a 0.55 
kb fragment corresponding to  the 3 ' -terminus (Baluda e t  a l . ,  1983). The 
heterogeneity in the re s tr ic tio n  maps appears to be localized  to a 1.0 kb 
region which in MAV-1 encodes the env gene and in AMV encodes fo r the amv 
gene (Baluda e t a l . ,  1983). This heterogeneity has been confirmed by 
heteroduplex mapping and R-loop mapping experiments (Souza e t a l . ,  1980). 
The MAV-2 provirus has not been as extensively mapped as MAV-1, but a v a il­
able data indicates th a t MAV-2 is  closely re lated  s tru c tu ra lly  to  MAV-1 
(Bergmann e t a l . ,  1980). MAV-2 contains four of the f iv e  Hind I I I  re -  
s tr ic tio n  s ites  found in the MAV-1 provirus and both of the Eco R1 s ite s .
The AMV LTR contains re s tr ic tio n  s ites  fo r a t least three re s tr ic tio n  
enzymes; Hind I I I  (Bergmann e t a l . ,  1980, 1981), Hae I I I  (Olsen and Watson,
1982), and Hpa I (Rushlow e t a l . ,  1982). Immediately upstream from the 
3* LTR are single re s tr ic tio n  s ites  fo r Xho I and Xba I (Baluda e t a l . ,
1983). These enzymes have proven useful in characterization  of the LTR 
(Rushlow e t a l . ,  1982). Another useful re s tr ic tio n  enzyme is  Kpn I , 
which cleaves both the AMV and MAV-1 proviruses once, y ie ld in g  two frag ­
ments of unequal s ize . The Kpn I  cleavage s ite  is located immediately 
upstream o f the env gene in MAV-1 and the amv gene in AMV (Baluda e t a l . ,
1983).
Much o f the re s tr ic tio n  mapping data fo r the AMV complex has been 
performed using cloned provira l DNA from infected c e lls  or from the en­
dogenous reaction (Bergmann e t a l ,  1980; Baluda e t a l . ,  1983). This is  
due p rim arily  to the la rger amount o f p rovira l DNA th at can be recovered 
from infected c e lls . However, re s tr ic tio n  mapping using the DNA products 
synthesized in a reconstructed reaction would serve a dual purpose: 1) as
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a confirmation of previously published results ; and 2) to help demonstrate 
that the DNA products synthesized in a reconstructed reaction are essen­
t i a l l y  s im ila r to those found in infected c e lls  or from the endogenous 
reaction. This would suggest that the reconstructed reaction is  capable 
of copying the RNA template with a high degree of f id e l i t y .  Development 
of a re s tr ic t io n  map based on the DNA products synthesized in a recon­
structed reaction could also be used to  select sp ec ific  cDNA probes which 
could be employed in detection of plus DNA synthesis.
Proposal
The reconstructed reaction is  a system which contains p u rified  re ­
verse transcriptase and re tro v ira l 60-70S RNA or 35S RNA subunits in a 
suitable reaction mixture which is  capable of reverse transcrip tion  of the 
RNA template. Reconstructed reactions have been a useful approach to the 
study of the early  events o f reverse tra n s crip tio n . In th is  study, the 
AMV reconstructed reaction w il l  be used to  study re tro v ira l RNA-directed 
DNA synthesis following the f i r s t  transcrip tion a l jump. To accomplish 
th is , the AMV reconstructed reaction w il l  be optimized fu rth e r with re ­
spect to genomic-length DNA synthesis. Reaction conditions, including  
each component of the reaction m ixture, w il l  be varied to maximize syn­
thesis o f genomic-length DNA. A new buffering system, potassium phos­
phate (pH 8 .0 ) w il l  be employed as the b u ffe r. Potassium phosphate may 
be a su itab le  b u ffe r since reverse transcrip tase Is re la t iv e ly  stable In 
phosphate, and reverse transcrip tase is  believed to have a requirement 
fo r phosphorylation to maintain i ts  a c t iv ity .  In addition to genomic- 
DNA synthesis, the DNA products synthesized in the phosphate-buffered re ­
constructed reaction w il l  be examined fo r evidence of plus DNA synthesis.
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Second» a re s tr ic tio n  map based on the cDNA transcrip ts  synthesized in 
the phosphate-buffered reconstructed reaction w il l  be made. Mapping 
w ill be performed using presized cDNA transcrip ts  th a t had been con­
verted to double-stranded DNA with DNA primers and p u rifie d  reverse 
transcrip tase. T h ird , the genomic-length cDNA transcrip ts  w ill be 
examined fo r evidence o f sequences containing the second LTR using the 
technique o f Southern b lo ttin g . Detection o f the second LTR in genomic- 
length cDNA transcrip ts  would strongly suggest th a t p u rified  reverse 
transcriptase and 35S RNA-tRNA *̂^  ̂ alone are capable o f making the 
second transcrip tion al jump.
Synthesis of DNA species in a reconstructed reaction ind istingu ish ­
able from those found in vivo would provide evidence that p u rified  
reverse transcriptase alone is  enzym atically s u ff ic ie n t fo r  correct 
RNA-directed DNA synthesis. Successful achievement of these goals w il l  
help to demonstrate the usefulness and v a lid ity  o f the reconstructed 
reaction as a tool in d eta iled  analysis of re trovirus reverse tran scrip ­
tio n .
Chapter I I  
MATERIALS AND METHODS
MATERIALS
Unless otherwise sp ec ified , a l l  general chemicals were o f the high­
est p u rity  ava ilab le . The water used fo r preparation o f reagents was 
glass d is t i l le d  from d is t i l le d ,  deionized tap water. A ll glassware, t e f ­
lon coated s t i r  bars, and metal spatulas were baked at 225 fo r a m ini­
mum of f iv e  hours. Reagents were fu rth e r p u rifie d  whenever possible by 
f i l t r a t io n  through 0.45 micron n itro c e llu lo s e  membrane f i l t e r s  and/or 
through 0.25 mm diameter glass f ib e r  f i l t e r s .
The pH of a l l  buffers was measured a t 20 ®C unless otherwise noted. 
Guanidine hydrochloride was obtained from Heico, Inc. TEMED (N ,N ,N ',N '-  
tetramethylethylenediami ne) and 98% formamide was purchased from the A l­
drich Chemical Company. The formamide was deionized p rio r to  use by mix­
ing one gram o f mixed bed ion exchange resin (AG501-X8, 20-50 mesh) per 
10 m i l l i l i t e r s  formamide fo r 30 minutes. The resin was then replaced by 
fresh AG501-X8 resin and the s lu rry  mixed again fo r 30 minutes. The de­
ionized formamide was then f i l te r e d  through two glass f ib e r  f i l t e r s  and 
stored at -20 °C. AG501-X8, 20-50 mesh, mixed bed ion exchange res in ,
acrylamide, and methylene-bis-acrylamide were bought from Bio-Rad Lab­
orato ries . 3 MM chromatography paper and DE81 cellu lose f i l t e r s  were 
purchased from Whatman Chemical Separation, Ltd. Glass f ib e r  f i l t e r s  
(0.25 mm d ia . ) were obtained from Enzo Biochem, Inc. N itroce llu lose  f i l  
ters (BA85, 0.45 micron) and S&S 589 WR paper were purchased from
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Schleicher and Schuell, Inc. Sodium dodecyl su lfa te  (SDS) was obtained 
from M allinckrodt. Type I agarose (low EEO), type V II agarose (low gel­
ling  tem perature), d ith io th re ito l (D T I), dimethyl suIfo x id e  (DMSO), bromo- 
phenol b lue, c a lf  thymus DNA (type I ) ,  PIPES (p iperazine-N ,N ‘ -b is  2 -e th - 
ane sulfonic a c id ). T ris  (Trizma base; T ris  (hydroxymethylaminomethane), 
2,5-diphenyloxazole (PPO), dextran su lfa te  (M^=500,000), bovine serum 
albumin (fra c tio n  V ), s a lic y lic  acid , f ic o ll  (type 400), yeast RNA (type
X ), d iethyl pyrocarbonate, and polyvinyl pyro lid ine (PVP 400) were a ll
32obtained from Sigma Chemical Company. Aquasol I I ,  a - [  P]-deoxyribonu-
32cleoside 5 '-triphosphates (600-800 Ci/mmol) .  and y - [  P]-adenosine S' -  
triphosphate (2900 Ci/mmol) were purchased from New England Nuclear. [ H ]- 
deoxyribonucleoside S '-triphosphates were bought from ICN Chemical and 
Radioisotope D ivision. Oligothym idylic acid (o ligo (dT)^2 « i3 ) poly- 
adenylic acid (p o ly (rA )) were purchased from Collaborative Research, Inc. 
Unlabeled deoxyribonuclesi de S '-triphosphates, polynucleotide kinase (from 
Ty|-infected Escherichia c o l i , minimal nuclease), and bacteria l a lk a lin e  
phosphatase ( Escherichia c o l i , minimal nuclease) were obtained from P-L 
Biochemicals. Urea (u ltra -p u re  grade) was purchased from Schwartz-Mann. 
Hind I l l - digested X phage DNA markers, Hae I l l - digested 4>X-174 phage DNA 
markers, and a l l  re s tr ic t io n  endonucleases were obtained from New Eng­
land Biolabs, Inc. G-50 Sephadex was purchased from Pharmacia Fine 
Chemicals. Lanthanum acetate was obtained from Tridon Chemical Company. 
Xylene cyanole FF, 8-hydroxyquinoline, and XR x-ray f ilm  was purchased 
from the Eastman Kodak Chemical Company. Sucrose (RNase f re e ) ,  density  
gradient cen trifugation  grade, was supplied by Beckman Instruments, Inc.
NCS tissue s o lu b iliz e r  was bought from the Amersham Corp. Phenol was
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purchased from the J . T. Baker Chemical Company. The phenol was fu rther  
p u rified  by d is t i l la t io n  (bp 175 °C ). 0.1% (w/v) 8-hydroxyquinoline was
added as a preservative and the phenol was stored at -20 °C.
METHODS
P u rific a tio n  o f AMV Reverse Transcriptase
P u rific a tio n  o f AMV (BAI s tra in  A) was performed es se n tia lly  as de­
scribed previously (Rosok and Watson, 1979; Olsen, 1982) from frozen plasma 
of leukemic chicks obtained from the O ffice  o f Program Resources and Lo­
g is tic s , Virus Cancer Program, National Cancer In s t itu te ,  Bethesda, Mary­
land. The a c t iv ity  o f reverse transcriptase was monitored p rio r to and 
following each p u rific a tio n  step by the rA*dT assay procedure described 
la te r  in Methods. A fte r the f in a l p u rific a tio n  step was completed, active  
fractions were stored a t -20 °C in a b u ffe r containing 50% (v /v ) g lycero l, 
150 mM potassium phosphate (pH 8 .0 ) ,  and 10 mM DTT .
Nucleic Acid P u rific a tio n  
SDS-Phenol Extraction
To extract proteins from solutions containing nucleic acids, a modi­
fic a tio n  o f the phenol extraction  procedure o f Brawerman (1974) was em­
ployed. Enzymatic reactions were terminated by the addition o f s u f f i ­
c ient EOTA and SDS to achieve f in a l concentrations of 20 mM and 1% (w /v ), 
respectively . One volume o f re d is t il le d  phenol containing 0.1% (w/v) 
quinoline that had been pre-equi1ibrated in extraction  buffer (10 mM T r is -  
HCl (pH 8 .8 ) ,  100 mM NaCl, and 5 mM EDTA) was added and the mixture vor- 
texed b r ie f ly .  The mixture was centrifuged a t room temperature in a 
tab le top centrifuge fo r one minute, and the upper aqueous phase removed. 
One volume of fresh extraction  b u ffe r was added to  the phenol phase, and
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the extraction  step repeated. The second aqueous ex trac t was combined 
with the f i r s t  e x tra c t. When recovery o f nucleic acid was paramount to 
fu rth er studies, the phenol phase was extracted a th ird  time with one 
volume o f fresh extraction  b u ffe r. The aqueous extracts could be p u ri­
fied  fu rth e r by 6-50 Sephadex chromatography or p rec ip ita ted  by the ad­
d itio n  o f 0.1 volume 4 M NaCl and 3 volumes absolute ethanol a t -20 
fo r a minimum o f three hours. A lte rn a tiv e ly , the time required fo r pré­
c ip ita i on could be decreased to 30 minutes by storage at -70 °C. Recovery 
of the p re c ip ita te  was accomplished by centrifugation  at 20,000 x g fo r  
45 minutes at 2 ®C. Trace amounts o f phenol remaining with the pel le t  
could be removed by washing the p e lle t with cold 70% (v /v ) ethanol and 
40 mM NaCl, followed by recentrifugation  a t 2 °C fo r 20 minutes at 20,000 
X g. The pel le t  was then decanted, aspirated to dryness, and f in a l ly  
redissolved in the desired b u ffe r.
01igo(dT)-C ellu lose Chromatography
Separation o f v ira l RNA in to  p o ly (A )-d e fic ie n t (po ly(A )") and poly- 
(A)-containing (poly(A )^) pools was performed by o lig o (d T )-ce l 1ulose 
chromatography (Aviv and Leder, 1972; Bantle e t a l . ,  1976). V ira l RNA 
that had been prec ip ita ted  in the presence of 70% (v /v ) ethanol and 0.4  M 
NaCl was recovered by cen trifugation  as described previously, and the p e l­
le t  dissolved in 20 mM Tris-HCl (pH 7 .4 ) ,  10 mM EDTA, and 0.2% (w/v) SDS. 
The dissolved v ira l RNA was heated a t 60 ®C fo r f iv e  minutes followed by 
quick cooling on ice . Enough 4 M NaCl was added to adjust the f in a l 
concentration o f NaCl to 0 .5  M. The concentration o f v ira l RNA was deter­
mined by measuring the absorbance a t 260 nm (ex tin c tio n  c o e ffic ie n t 20 
mg~^), and the e n tire  mixture applied to an o lig o (d T )-c e llu lo s e  column
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(0 .9  X 1.5 cm) pre-equi1ibrated in  buffer A (10 mM Tris-HCl (pH 7 .4 ) ,
0.5 M NaCl, 5 mM EDTA, and 0.2% (w/v) SDS). A fte r washing the o lig o (d T )-  
cellu lose column with 10 column volumes o f bu ffer A to remove poly(A) 
v ira l RNA, the poly(A)^ v ira l RNA was eluted by the addition of 5-10 
column volumes o f bu ffe r C (10 mM Tris-HCl (pH 7 .4 ) ,  5 mM EDTA, and 0.2% 
(w/v) SDS) at a flow rate o f 0 .5 -1 .0  ml/minute. F in a lly , the o lig o (d T )- 
cellu lose column was washed with 5 column volumes o f d o u b le -d is tille d  HgO 
(dd HgO). Fractions containing poly(A)^ RNA were determined by measuring 
the absorbance a t 260 nm, and pooled. The o lig o (d T )-ce l 1ulose column 
was re -eq u ilib ra ted  in buffer A, and the pooled poly(A)^ v ira l RNA re ­
applied to the column a fte r  adjusting the NaCl concentration to 0 .5  M.
The o lig o (d T )-ce l 1ulose column was washed again with b u ffe r A as described 
previously, and the poly(A)^ v ira l RNA eluted by the addition of buffer
C. Fractions containing poly(A)^ v ira l RNA were pooled, p rec ip ita ted  by 
the addition o f 0.1 volume 4 M NaCl and 3 volumes absolute ethanol, and 
stored at -20 ®C.
P u rific a tio n  of the AMV 35S RNA*tRNA^^P Subunit
AMV 35S RNA containing the tRNÂ *̂ *̂  primer was p u rified  from e ith e r  
freshly detergent-disrupted v irions  or from frozen FNA-containing p e lle ts  
remaining a fte r  the detergent disruption o f v irions exactly as described 
by Olsen (1982).
B r ie f ly , 60-70S RNA was p u rifie d  by ve lo c ity  sedimentation c e n tr i­
fugation in 10-30% (v /v ) glycerol gradients containing 10 mM Tris-HCl 
(pH 7 .4 ) ,  40 mM L iC l, 5 mM EDTA, and 0.2% (w /v) SDS, on an SW27 ro tor 
at 26,000 rpm fo r 3.75 hr a t 21 ®C. The fraction s containing the 60-70S 
RNA were pooled, and fractionated  in to  poly(A )* and poly(A)^ pools by
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o lig o (d T )-c e llu lo s e  chromatography. The poly(A)^ 60-70S RNA was heated 
gently to d issociate the subunits, and fractionated  twice in 10-30% (v /v )  
glycerol gradients at 37,000 rpm fo r 5.5 hr a t 21 in a SW41 ro to r.
The 35S RNA-containing fractions were pooled, and stored at -20 in 70% 
(v /v ) ethanol and 0 .4  M NaCl.
Reverse Transcriptase Reactions 
01igo(dT)-poly(rA )
To determine the re la t iv e  a c t iv ity  o f reverse transcriptase fractions  
and as a check on enzyme a c t iv ity  a fte r  long term storage, the following  
assay conditions were used: various amounts o f p u rifie d  reverse tran ­
scriptase were incubated fo r 10 minutes at 37 °C in a 50 y 1 reaction  
mixture which contained 50 mM Tris-HCl (pH 8 .1 ) ,  8 mM MgClg, 10 mM DTT,
40 mM NaCl. 0 .2  mM dATP, 0.05 mM [^H]-dTTP (60-120 cpm/pmol), and 0.6  
ug/ml p o ly (rA )-o lig o (d T ),2 _io template-primer. The poly(rA)-o ligo (dT)^ 2 _ 
was prepared by mixing poly(rA) with ol1go(dT)^2_T$ to f in a l concen­
tra tions o f 125 yg/ml and 25 yg/m l, respective ly , in 10 mM Tris-HCl
(pH 7 .4 ) ,  100 mM NaCl, and 1 mM EDTA. The mixture was heated b r ie f ly  
fo r 1.5 minutes at 97 ®C, followed by incubation fo r 30 minutes at 37 °C
to allow annealing o f the tempi ate-prim er. Reactions were terminated
by p ipetting  the e n tire  reaction mixture on DE81 f i l t e r  paper. Unin- 
corporated [ H]-dTTP was removed by washing the f i l t e r s  six times in 
5% (w/v) NagHPO  ̂ fo r  4 minutes per wash (B la t t i  e t a l . ,  1970). The 
f i l t e r s  were then dried and placed in three ml o f a toluene-based liq u id  
s c in t il la t io n  cocktail containing 0.3% (w /v) PPO, 0.008% (w/v) bis-MSB, 
2.5% (v /v ) NCS tissue s o lu b iliz e r , and 0.035% (v /v ) dd HgO. The extent 
of [ H]-dTTP incorporated in to  polydeoxyribonucleotide (poly DNA) was
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measured by liq u id  s c in t i l la t io n  spectrophotometry using a Beckman LS-230 
liq u id  s c in t i l la t io n  counter.
Using these conditions, one u n it of DNA polymerase a c t iv ity  is  de­
fined as the amount o f enzyme required to catalyze the incorporation of 
one pmol o f dTTP per minute in to  polymeric DNA.
35S RNA'tRNA^^P Tempi ate*Prim er
Synthesis o f genome-length complementary DNA (cDNA) copies o f the 
355 RNA template was performed using the following reaction condtions:
50 mM potassium phosphate (pH 8 .0 ) ;  58 mM NaCl; 5 mM MgCl2 i 10 mM DTT;
20 ug/ml 35S RNA-tRNA^'”'’ ; 0 .03 mM a-[^^P]-dCTP (1500-2000 cpm/pmol); 0 .2  
mM each of dATP, dGTP, and dTTP; and saturating amounts o f p u rified  
reverse transcrip tase. The enzyme storage buffer contributed 30 mM 
potassium phosphate (pH 8 .0 ) to the reaction m ixture, and is included 
in the to ta l phosphate concentration o f 50 mM, When [^H]-dCTP was sub­
s titu ted  fo r a-[^^P]-dCTP, the sp ec ific  a c t iv ity  was increased to 3000- 
3300 cpm/pmol. The reaction was incubated fo r 2 hours at 39 ®C, and 
terminated by the addition o f EDTA and SDS to 20 mM and 0.1% (w /v ), 
respectively. The mixture was then phenol extracted 2-3 times as de­
scribed previously.
When necessary, the DNA products from the reconstructed reaction  
were p u rified  fu rth e r by gel exclusion chromatography on a G-50 Sephadex 
column (1 .5  x 24 cm) in 10 mM Tris-HCl (pH 7 .4 ) ,  1 mM EDTA, 100 mM NaCl, 
and 0.1% (w /v) SDS. One ml fractions were co llected  and a small a liquot 
of each frac tio n  spotted on DE81 (or 3 MM) f i l t e r  paper, d ried , and 
counted in a liq u id  s c in t i l la t io n  counter. Fractions containing rad io - 
labeled DNA were pooled, concentrated with 2-butanol (S ta ffo rd  and Bieber,
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1975), and prec ip ita ted  with ethanol. When the DNA products from the 
reconstructed reaction were to be used in fu rth e r experiments requiring  
the absence o f v ira l RNA, the RNA was hydrolyzed overnight a t room 
temperature by the addition o f NaOH to a f in a l concentration o f 0 .3 N 
immediately p rio r to the ethanol p rec ip ita tio n  step. Following hydro­
ly s is , the mixture was n eu tra lized , and prec ip ita ted  with ethanol. Neu­
tra liz a t io n  was accomplished by adding 0 .3  N HCl and s u ffic ie n t 1 M T r is -  
HCl (pH 7 .4 ) to achieve a f in a l pH value o f approximately 7 .0 .
When the b u ffe r conditions were modified to  contain 50 mM Tris-HCl 
(pH 8 .1 ) ,  the concentration o f phosphate was reduced to 30 mM (a t pH 8 .0 ) ,  
and the NaCl concentration was increased to 92 mM. Otherwise the reac­
tion conditions were identica l to the phosphate-buffered system.
355 RNA'Oligo(dT) Tempiate-Primer
Synthesis o f cDNA using 355 RNA template containing the poly(A) t a i l  
and o lig o (d T )i2 .]Q  as primer was accomplished in iden tica l reaction mix­
tures as used when tRNA *̂^  ̂ was the prim er, except th at the 355 RNA 
concentration was 25 pg/ml and the concentration of ol1go(dT)^2_]g was 
5-10 ug/ml. The reaction was incubated a t 37 "̂ C fo r 60-90 minutes. A ll 
other steps were iden tica l to  those described fo r the tRNA^^P-primed 
reaction. 
cDNA as Template
Synthesis o f the second strand o f DNA was necessary to provide a 
suitable double-stranded DNA substrate fo r re s tr ic tio n  mapping. Syn­
thesis o f the second strand (plus strand) was accomplished as follows:
1-10 ng o f cDNA th a t had been pre-sized by a lk a lin e  sucrose ve loc ity  
sedimentation cen trifugation  1/n a 5W60 ro to r, was resuspended in a 20
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reaction mixture containing 10 mM Tris-HCl (pH 8 .1 ) ,  and 5-10 ug o f SI 
nuclease-digested c a lf  thymus DNA primers. The mixture was heated fo r 3 
minutes a t 97 °C, and quick cooled on ice . The volume was increased to 
40 pi by the addition o f 10 pi o f 5X basal mixture (250 mM Tris-HCl (pH 
8 .1 ) ,  200 mM NaCl, 40 mM MgClg, and 50 mM DTT), and 10 pi of 5X 4 dNTP mix 
(0.15 mM [^H]-dCTP, and 1 mM each o f dATP, dGTP and dTTP). The mixture 
was heated fo r 30 min at 39 ®C to allow annealing o f the c a lf  thymus DNA 
primers to the cDNA template. Ten pi o f reverse transcriptase-contain ing  
enzyme buffer was added, and the reaction incubated fo r 90 min a t 39 °C. 
The reaction was terminated by the addition of EDTA and SDS to 20 mM and 
0.1% (w/v) respective ly , and extracted 2-3 times with phenol. When the 
DNA products were to be u t il iz e d  fo r re s tr ic tio n  mapping, 3-5 pg of heat 
denatured c a lf  thymus DNA was added to the phenol extracts to act as a 
c a rr ie r . The DNA products were fu rth e r p u rifie d  by G-50 Sephadex chroma­
tography, and p rec ip ita ted  with ethanol as described previously.
Optimization of the Reverse Transcriptase Assay
T itra tio n  o f reverse transcrip tase established the re la tiv e  a c t iv ity  
of each pool o f enzyme as well as the concentration o f enzyme required 
to achieve saturation o f the tem plate. Use o f the po ly(rA )-o ligo (dT) 
assay allowed the in i t i a l  a c t iv ity  o f the reverse transcriptase pools to 
be determined (F ig . 5a ). The value obtained, 5 .8 -6 .0  units of DNA poly­
merase a c t iv ity  per pi o f enzyme b u ffe r , was typ ica l o f the pools of 
reverse transcrip tase u t i l iz e d .  Use o f the 35S RNA*oligo(dT)-|2 _ig tem- 
p la te p rim e r system resulted in a ten fo ld  decrease in DNA synthesis 
(Fig. 5b). At saturating  levels  o f reverse transcrip tase , the value of 
0.6 units o f DNA polymerase a c t iv ity  was somewhat greater than the 0 .3
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Fig. 5. T itration of Reverse Transcriptase With Different Tempiate‘Primers. Various amounts of purified 
reverse transcriptase was incubated with different template-primers in standard 50 pi reaction mixtures 
as described in Methods. Total amount of DNA synthesized was determined by the DE81 f i l t e r  binding 
assay. .
A. Poly(rA)*oligo(dT) as template*primer. Specific activity of [ H]-dTTP was 105 cpm/pmol. Reaction 
mixtures were incubated for 10 minutes at 37 *C. ^
B. 355 RNA*oligo(dT) as template*primer. Specific activity of [ H]-dCTP was 200 cpm/pmol. Reaction 
mixtures were incubated at 39 for 60 minutes. Reactions were buffered in 50 mM Tris-HCl (pH 8.1).
C. 35S RNA'tRNA'^P as tempiate*primer. Specific activity of [ H]-dCTP was 3000 cpm/pmol. Reactions 
were incubated in 50 mM potassium phosphate buffer (pH 8.0) for 120 minutes at 39 ®C.
□  - 4 mM Nâ PgO. A - 0 mM Nâ PgOy
wVO
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units of DNA polymerase a c t iv ity  obtained with the potassium phosphate- 
buffered, tRNA^^P-primed reconstructed reaction (F ig . 5c). S im ilar 
values have been found previously (Olsen, 1982).
In a l l  fu rth e r experiments u t i l iz in g  reverse transcrip tase, con­
centrations o f enzyme which resulted in saturation o f the RNA template 
(the plateau region in Fig. 5c) were used in order to  maintain consis­
tent resu lts .
Sizing of Nucleic Acids 
Alkaline Sucrose Velocity  Sedimentation Centrifugation
DNA products from the reconstructed reaction that had been stored at 
-20 ®C in 70% (v /v ) ethanol and 0 .4  M NaCl were recovered by c e n tr ifu ­
gation at 20,000 X 9 fo r  45 minutes at 2 ®C, aspirated dry, and resus­
pended in 0.1 ml o f 0 .3  N NaOH and 4 mf4 EDTA. The sample was layered on
4.4  ml 5-20% (w/v) sucrose gradients containing 0.69 M L iC l, 0 .3  N KOH, 
and 5 mM EDTA. The gradients were centrifuged fo r 4.5 hours at 54,000
op
rpm in a SW60 ro to r at 21 ®C. [ P ]-lab e lled  x phage DNA markers were
run on a p ara lle l grad ient. Fractions (180 y l)  were collected from the 
bottom of each gradient by needle puncture, and a small a liquo t o f each 
fraction  was pipetted on 3 MM f i l t e r  paper, d ried , and counted in a liq u id  
s c in t il la t io n  counter, DNA-containing fractions were d ilu ted  by the 
addition of 4 volumes o f 10 mM Tris-HCl (pH 8 .1 ) ,  neu tra lized , and pre­
c ip ita ted  with ethanol as described. When sizing  o f the DNA products 
were preparatory to synthesis o f the plus strand o f DNA, 5-10 yg o f c a lf  
thymus DNA primers were added immediately p rio r to the ethanol p re c ip i­
tation  step. The frac tion s  were stored a t -20 °C u n til required.
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A lkaline Agarose Gel Electrophoresis
Sizing of DNA was performed using horizontal a lk a lin e  agarose gel 
electrophoresis (McDonnell e t a l . ,  1975) or by v e rtic a l tube a lk a lin e  
agarose gel electrophoresis. DNA ranging in size from 0.6 -10  kb were 
routinely  sized on 200 ml horizontal 1.2% (w/v) agarose gels containing  
30 mM NaOH and 2 mM EDTA (E b u ffe r ) . Gels were prepared by dissolving
2.4 g agarose (low electroendoosmosis) in 173 ml dd H2 O by heating the 
solution to  b o ilin g . The dissolved agarose was cooled to 45 °C, and 
20 ml o f warm 0 .3  N NaOH and 20 mM EDTA added. The agarose solution was 
mixed c a re fu lly  to avoid a i r  bubbles, and poured onto a 20 x 28 cm p le x i­
glass casting tra y . A fte r standing fo r one hour at room temperature, the 
agarose had s o lid if ie d  s u ff ic ie n t ly  to allow handling. The gel was sub­
merged in electrophoresis b u ffe r, and the samples loaded. Radiolabeled 
samples were dissolved in 10-15 pi sample b u ffe r (10% (v /v ) g lycero l, 30 
mM NaOH, 4 mM EDTA, 0.025% (w /v) bromophenol b lue, and 0.025% (w/v) 
xylene cyanole FF) and heated at 37 ®C fo r  10 minutes imnediately p rio r  
to loading. The samples were electrophoresed at 50 vo lts (constant v o lt ­
age) fo r 18-22 hours. The gel was then rinsed with dd HgO to remove 
excess b u ffe r, and dried on Gel-Bond over gentle heating according to the 
manufacturers in s tru c tio n s . When dry , the gel was ready for autoradio­
graphy.
When d eta iled  resolution was not required, electrophoresis was also 
performed using a 20 ml a lk a lin e  1.2% (w/v) agarose "m ini-gel" system.
The mini-gel was prepared exactly  as described above fo r the 200 ml gel. 
Samples were dissolved in 5-8 pi sample b u ffe r. Running conditions were 
modified by decreasing the time fo r  electrophoresis to 90-120 minutes.
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Otherwise a l l  other operations were the same as fo r the 200 ml gel.
A lte rn a tiv e ly , v e rtic a l tube a lk a lin e  agarose gels were used to  
obtain a more q u an tita tive  ind ication  o f DNA sizes. A lkaline 0.7% (w/v) 
agarose gels were cast in 11,0 x 0 .5  cm ( I .D . )  glass tubes that had the 
bottoms sealed with d ia lys is  tubing. The samples were overla id  on top 
of each gel and fractionated  fo r 5.75 hours at 25 volts (constant v o lt­
age). The gel was s liced  in to  1,5 mm th ick  s lic e s , and each s lice  
dissolved in 3 ml o f Aquasol I I .  The amount o f radiolabeled DNA in each 
s lice  was determined using a liq u id  s c in t i l la t io n  counter.
4.8% (w /v) Polyacrylamide-7 M Urea Gel Electrophoresis
DNA species less than 1 kilobase (kb) in length were analyzed using 
denaturing polyacrylamide gels containing 7 M urea (Maniatis e t a l . ,  1976), 
Twenty-five ul o f a solution containing 7 M urea, 0.12% (w /v) bis a c ry l-  
amide, 89 mM Tris -b ora te  (pH 7 .6 ) ,  89 mM boric ac id , 10 mM EDTA, and 
0.064% (w/v) fresh ammonium p ersu lfa te , was s tirre d  u n til dissolved.
A fter addition o f 15 pi of TEMED, the gel was cast, and allowed to poly­
merize fo r 1-2 hours a t room temperature. The radiolabeled nucleic acids 
were dissolved in 30-40 pi o f sample bu ffer (95% (v /v ) deionized form- 
amide, 0.01% (w/v) bromophenol b lue, and 0.1% (w /v) xylene cyanole FF), 
heated fo r  3 minutes at 97 ®C, and quick cooled on ice . The samples were 
loaded and fractionated  fo r 2.75 hours at 12 mA (constant cu rren t). The 
gel was then fixed  fo r 30 minutes in a solution containing 1% (w/v) lan ­
thanum acetate and 1% (v /v ) acetic  ac id , dried on 3 MM paper under a 
vacuum, and subjected to  autoradiography.
FI uoroqraphy
A lkaline agarose gels containing [ H ]-labeled  DNA were pretreated
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p rio r to  drying by fluorography. The prewashed gel was fixed  in 80 ml 
of 1% (w /v) lanthanum acetate and 1% (v /v ) g lac ia l acetic  acid fo r 20 
minutes. The lanthanum aceta te /ace tic  acid solution was drained, and 
the gel neutra lized  by adding 320 ml o f 1.56% (w /v) ammonium acetate. 
A fter soaking fo r  20 minutes, the ammonium acetate solution was removed 
and the gel immersed in 320 ml o f 15% (w/v) s a lic y lic  acid fo r 30 min­
utes. F in a lly , the gel was washed fo r 5 minutes in 200 ml o f a solution  
containing 5% (v /v ) g lac ia l acetic  acid. The gel was then sandwiched 
between a sheet of 3 Mfi paper and sa ran wrap, and dried under reduced 
pressure.
) Autoradiography
Detection o f radiolabeled products was accomplished by autoradio-
32graphy. Dried gels containing [ P ]-labeled  nucleic acids were exposed 
to Kodak XR f ilm  using a film  cassette with an image in tens ify ing  screen 
at -70 ®C. The f ilm  was developed and processed according to the manu­
facturers instructions under a Kodak safety lamp. The developed film  was 
washed in cold running w ater, a i r  d ried , and mounted. When [ H] was the 
rad io lab e l, the process was modified by presensitizing the film  p rio r to  
exposure. The film  was exposed to  a b r ie f  (less than 1 msec) e lectron ic
flas h , followed by exposure to  the dried g e l. A ll other steps were the
32same as fo r [ P ]-labeled  products.
RNA"DNA H ybrid ization
To determine the extent o f plus DNA synthesized in the phosphate- 
buffered reconstructed reaction , the DNA products were hybridized with  
at least a 50 -fo ld  mass excess o f v ira l 35S RNA. Twenty-five ul o f a 
solution containing p u rifie d  DNA, 35S RNA, and 10 mM potassium phosphate,
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(pH 6 .1 ) was heated fo r 3 minutes a t 97 ®C, and quick cooled on ice . An 
equal volume o f 2X hybrid ization  buffer (10 mM potassium phosphate (pH
6 .1 ) ,  1 M NaCl, and 2 mM EDTA) was added, and mixed thoroughly. The mix­
ture was incubated at 69 ®C (Cr^t = 0.45 mol s e e l" ^ ) .  Three volumes of 
absolute ethanol were added and the mixture stored at -20 ®C. The extent 
of plus DNA was determined by resistance to  SI nuclease digestion.
A lte rn a tiv e ly , when equilibrium  density centrifugation  was used fo r  
separation of plus DNA from cDNA, the p u rifie d  DNA products from the 
reconstructed reaction were dissolved in 0 .2  ml o f a solution containing  
80% (v /v ) deionized formamide, 40 mM PIPES-NaOH (pH 6 .4 ) ,  1 mM EDTA, and 
a 30-fo ld  mass excess of v ira l 353 RNA. The solution was b r ie f ly  heated 
at 85 ®C fo r 3 minutes followed by quick cooling on ice . S u ffic ie n t 4 M 
NaCl was added to achieve a f in a l NaCl concentration of 0 .4  M, and the 
nucleic acids allowed to  hybridize at 52 °C (Cr^t = 0.18 m ol-sec-l"^) .  
Under these conditions RNA-DNA hybrids are allowed to form but DNA-DNA 
duplexes do not (Casey and Davidson, 1977). The mixture was then cooled 
on ice . An equilibrium  density gradient was prepared using a m odification  
of the method o f Enea and Zinder (1975); 8 .6  g o f CsCl and 1.6 g o f guan­
idinium hydrochloride dissolved in 10 ml o f 10 mM Tris-HCl (pH 7 .4 ) . The 
previously cooled hybrid ization  mixture was then added to 4.7 ml of the 
equilibrium  density grad ien t, and centrifuged in a polyallomer tube in a 
SW60 ro tor fo r 48 hr a t 21 ®C. Under these conditions, RNA-DNA hybrids 
pel le t  at the bottom o f the tube and unhybridized single-stranded DNA is  
found approximately tw o-th irds down the gradient. Fractions were c o lle c t­
ed from the bottom by needle puncture, and the fractions containing  
unhybridized single-stranded DNA were pooled, desalted on a G-50 Sephadex
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column, and f in a l ly  p rec ip ita ted  with ethanol. The size o f the unhybri­
dized DNA was determined by a lk a lin e  0.7% (w/v) agarose gel e le c tro ­
phoresis as described previously.
SI Nuclease Digestion
Standard reaction mixtures consisted o f 0 .1 -1 .0  ml o f a solution  
containing 0 .2  M sodium acetate (pH 4 .4 ) ,  5 mM ZnSO^, 5 yg/ml native  
c a lf  thymus DNA, radiolabeled DNA, and predetermined amounts o f SI 
nuclease. When SI nuclease digestion was used to determine the extent 
of RNA-DNA h yb rid iza tio n , the reaction also included 0 .5 -2 .0  pg o f AMV 
35S RNA. Digestion was carried  out a t 42 fo r 75-90 minutes. The 
amount o f DNA re s is ta n t to  SI nuclease digestion was determined by c o l­
lecting  the samples on n itro c e llu lo s e  f i l t e r s ,  washing extensively with  
cold 5% (w /v) tr ic h lo ro a c e tic  ac id , and counting the insoluble nucleic 
acid in a liq u id  s c in t i l la t io n  counter.
5 '-End Labeling
Hind I l l - digested X phage and Mae I I I - digested *X-174 phage DNA
markers were employed as molecular weight standards fo r use in c e n tr i-
32fugation and electrophoresis. The DNA markers were labeled with [ P] at 
th e ir  5 '-ends in a two step reaction by a m odification of the method of 
Chaconas and Van de Sande (1975).
A predetermined amount o f DNA markers were prec ip ita ted  in the 
presence of 70% (v /v ) ethanol and 0 .4  M NaCl at -20 ®C, and recovered by 
centrifugation a t 20,000 x g fo r 30 minutes at 2 ®C. The DNA-containing 
p e lle t was resuspended in 43 yl o f 10 mM Tris-HCl (pH 8 .1 ) ,  and 2 yl 
(4-5 un its ) o f Escherichia c o li b ac te ria l a lk a lin e  phosphatase added.
The reaction was incubated fo r 30 minutes at 37 °C. Five yl of 60 mTi
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potassium phosphate (pH 7 .2 ) was added to In h ib it  the bacteria l a lka lin e  
phosphatase, and the DNA d ire c tly  reacted with y-[^^P]-ATP and poly­
nucleotide kinase. End labeling  o f dephosphorylated DNA was accomplished 
in 100 ul reactions containing 0 .5  mM spermidine, 6 mM potassium phos­
phate (pH 7 .2 ) ,  SO mM Tris-HCl (pH 8 .8 ) ,  5 mM MgClg, 10 mM DTT, s u f f i ­
c ient y-[^^P]-ATP (g reater than 2500 Ci/mmol) to achieve a ra t io  of 5 
pmol Y-[^^P]-ATP/pmol 5 '-OH ends, and 4-5 units o f polynucleotide 
kinase. The reaction was incubated fo r 35 minutes at 37 ®C, terminated
by the addition o f EDTA and SDS to 20 mM and 1% (w /v ), respective ly ,
32and then extracted with phenol. Unincorporated Y -[ P]-ATP was separated 
from the 5 '-end labeled DNÂ by gel f i l t r a t io n  using G-50 Sephadex. The 
5 '-end labeled DNA in the excluded volume was pooled, and concentrated 
with 2-butanol to  a f in a l volume o f 0 .2 -0 .5  ml. One volume o f absolute 
ethanol was added, and the 5 '-end labeled DNA stored a t -20 ®C. 
R estriction  Endonuclease Mapping
32R estriction endonuclease mapping o f the [ P ]-labeled  cDNA tra n ­
scripts was performed by digestion o f cDNA-plus DNA duplexes using the 
buffer conditions recommended by the supplier w ith the exception that 
bovine serum albumin was not used. Standard reactions consisted o f 50 
ul o f a mixture containing 1-10 ng cDNA plus DNA duplex, the recommended 
b uffe r conditions, 100 u9/ml c a lf  thymus DNA, and 2-4 fo ld  excess o f the 
appropriate re s tr ic tio n  endonuclease. The reactions were incubated 
overnight a t 37 °C, terminated by the addition o f EDTA and SDS to 20 mM 
and 1% (w/v) resp ective ly , and extracted with phenol. The phenol ex­
trac ts  were p rec ip ita ted  at -20 °C by the addition o f 0.1 volume 4 M 
NaCl, 50-100 u9 o f p u rifie d  yeast RNA, and 3 volumes of absolute ethanol.
47
Sizing o f the re s tr ic tio n  endonuclease digested duplexes was done on 
a lk a lin e  1.2% (w/v) agarose gels followed by autoradiography as described 
previously.
Mapping of the re s tr ic tio n  s ites  detected on the cDNA transcrip ts  
was done by selection and iso la tion  o f d iffe re n t s ize classes o f cDNA 
by centrifugation  on a lk a lin e  sucrose ve loc ity  gradients p rio r to second- 
strand DNA synthesis. O rientation o f the map was accomplished by taking  
advantage o f the fac t that a l l  cDNA synthesized in the reconstructed 
reaction, regardless o f s ize , is homogenous with respect to  i ts  5 ' -end 
sequences. Any heterogeneity is  the re su lt o f d iffe r in g  sizes correspond­
ing to  the 3 '-ends of the cDNA tra n s c rip ts . Therefore, any re s tr ic tio n  
fragment should be ea s ily  mapped i f  the sizes o f the o rig in a l cDNA 
transcrip ts  are jud ic io u s ly  selected. For example, o f re s tr ic tio n  
endonuclease digestion o f a 1.0 kb cDNA specie y ie lds  two fragments o f 
lengths 0 .4  and 0 .6  kb, the map may not be able to be orientated  proper­
ly . However, i f  digestion o f a 2 .0  kb specie o f cDNA with the same 
re s tr ic tio n  endonuclease y ie lds  two fragments of lengths 0 .6  and 1.4 kb, 
then the cDNA template contains a re s tr ic tio n  endonculease s ite  fo r  
that enzyme 0 .6  kb from the 5 '-end o f the cDNA.
Preparation of* Nucleic Acid Probes 
cDNAgI
32Synthesis and p u rific a tio n  o f [  P]-cDNA complementary to the 3*- 
end o f AÎ1V 353 RNA was done e s s e n tia lly  as described by Tal e t a l . ,
(1975). 50 pg o f v ira l 8-lOS poly(A )* RNA was incubated at 37 °C fo r 60
minutes in a 0 .5  ml reaction volume containing: 50 mM Tris-HCl (pH 8 .1 );
40 mM NaCl; 10 mM MgCl2 î 10 mM DTT; 50 yg/ml actinomycin D; 4 pg/ml
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oTigo(dT)^2.]3’  ̂ uM a-[^^P]-dCTP (600 Ci/mmol); 1 mî'1 each of dATP, 
dGTP, and dTTP; and saturating amounts of p u rifie d  reverse tra n s c rip t­
ase. The reaction was terminated by the addition o f EDTA and SDS to 
20 mM and 1% (w /v ), respective ly . The e n tire  reaction was then heated 
at 97 ®C fo r 5 minutes, and quick cooled on Ice .
P u rific a tio n  o f the cDNAj, probe was done In a two step procedure. 
S ix ty -fiv e  ug o f poly(rA) was added to  the c h ille d  m ixture, and s u ffic ie n t  
4 M NaCl was added to adjust the f in a l concentration o f NaCl to  0 .5  M.
The mixture was incubated at 47 ®C fo r f iv e  minutes, followed by 45 min­
utes a t room temperature. The sample was passed twice through an o llg o -  
(dT)-ce llu lose column as described previously. The DNA that bound to  
the o llg o (d T )-c e llu lo s e  column via  the poly(rA) bridge was pooled, and 
alkali-hydro lyzed overnight at room temperature. The solution containing  
the cDNA ,̂ probe was n eu tra lized , and desalted on a G-50 Sephadex column. 
Fractions containing the cDNA ,̂ probe were pooled, reduced In volume, 
and f in a lly  stored a t -20 ®C In 50% (v /v ) ethanol. When sized by a lka­
lin e  agarose gel electrophoresis, the cDNA î probe had a length o f 275- 
325 nucleotides.
cD N ^p
32[ P]-cDNAygp, a cDNA probe representative o f the e n tire  AMV genome, 
was prepared by a m odification o f the method o f Taylor e t a l . ,  (1976) as 
follows: 10 ug o f AMV 35S RNA was Incubated fo r 2 hours at 37 ®C In a 
100 \il reaction mixture which contained: 100 u9/ml actinomycin D; 1 mg/ml 
c a lf  thymus DNA primers; 50 mM Tris-HCl (pH 8 .1 ) ;  10 mM DTT; 8 mM MgCl^î 
0.4 mfi a-[^^P]-dCTP (s p e c ific  a c t iv ity  = 36,000 cpm/pmol); 0.25 mM each 
of dATP, dGTP, and dTTP; 40 mM NaCl; and saturating amounts of p u rifie d
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reverse transcrip tase. The reaction was terminated by the addition o f
s u ffic ie n t EDTA and SDS to  achieve a f in a l concentration of 20 mM and
1% (w /v ), respective ly . The mixture was phenol extracted, and hydrolyzed
overnight In 0 .3  N NaOH, Following n e u tra liza tio n , the mixture was
p u rified  by G-50 Sephadex gel exclusion chromatography. Fractions con- 
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ta ln ing  the [ P ]-labeled  cDNA^^p probe were pooled, and stored a t -20 
®C In 50% (v /v ) ethanol.
8-1OS RNA
Detection of cDNA sequences loca lized  at the LTR was accomplished 
by employing 5 '-[^^P ]-8 -10S  poly(A )* RNA as a probe. 8-lOS RNA obtained 
from the p u rific a tio n  procedure o f 35S RNA-tRNA^^^ was p e lle ted , and 
resuspended In 200 yl o f RNA b u ffe r (10 mM Tris-HCl (pH 7 .4 ) ,  5 mM EDTA, 
and 0.1% (w/v) SDS). The 8-lOS v ira l RNA was centrifuged fo r 21 hours 
at 30,000 rpm In 12 ml 10-30% (v /v ) glycerol gradients (10 mM Tris-HCl 
(pH 7 .4 ) 5 mM EDTA, 40 mM L1C1, and 0.1% (w/v) SDS) In a SW41 ro tor at 
21 ®C. One-half ml fractions were collected from the bottom of the 
gradient by needle puncture. Fractions containing v ira l RNA from the 
back slope o f the 8-lOS RNA peak were pooled, p rec ip ita ted  with ethanol, 
and stored overnight a t -20 °C. Following centrifugation  to recover the 
sub 8-lOS RNA, the RNA-conta1n1ng p e lle t was dissolved In one ml o f 20 
mM Tris-HCl (pH 7 .4 ) ,  10 mM EDTA, and 0.2% (w/v) SDS, and chromatographed 
on an o l1go(dT)-ce llu lose column as described previously. Fractions 
containing poly(A )* RNA were pooled, p rec ip ita ted  with ethanol, and 
stored at -20 °C u n til ready fo r  5 '-end lab e ling .
The sub 8-lOS poly(A)^ v ira l RNA was 5 '-end labeled follow ing a 
modification o f the method used to  prepare phage marker DNA. Approxi-
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mately S ug o f sub 8-1 OS poly(A )* RNA was incubated fo r one hour at
37 ®C in a 30 yl reaction mixture which contained: 10 mM Tris-HCl (pH
8 .1 ) ,  0.1% (w /v) SDS, and 5-10 units o f bacteria l a lk a lin e  phosphatase.
The reaction was terminated by the addition o f EDTA and SDS to 20 mM and
1 % (w /v ), respective ly , and extracted with fresh ly  equ ilib rated  phenol.
The dephosphorylated sub 8-lOS poly(A)^ RNA was precip itated  a t -70
fo r 45 minutes by the addition o f 0.1 volume 4 M NaCl and 3 volumes o f
absolute ethanol• The RNA was recovered by cen trifugation  a t 20,000 x g
fo r 45 minutes a t 2 ®C, dried by asp ira tio n , and resuspended in 80 yl of
a mixture containing: 50 mM Tris-HCl (pH 8 .8 ) ;  5 mM potassium phosphate
(pH 8 .0 ) ,  0 .5  mM spermidine; 10 mM DTT; 100 yCi y-[^^P]-ATP (2700
Ci/mmol); 10 mM MgClg: and 4 units o f T4 bacteriophage polynucleotide
kinase. The reaction was incubated fo r 35 minutes a t 37 ®C, terminated
by the addition of EDTA and SDS to 20 mM and 1% (w /v ), respective ly , and
32extracted with phenol. The 5 ' - [  P ]-labeled  RNA probe was p u rified  by 
G-50 Sephadex chromatography, and stored at -20 ®C in 50% (v /v ) ethanol. 
As a f in a l p u rific a tio n  step, the [^^P]-labeled sub 8-1 OS poly(A )* probe 
was recentrifuged on a 4 .4  ml 10-30% glycerol gradient (10 mM Tris-HCl 
(pH 7 .4 ) ,  40 mM L iC l; 5 mM EDTA, and 0.2% (w /v) SDS) at 54,000 rpm fo r  
24 hours at 21 °C in a SW60 ro to r. One hundred and f i f t y  yl fractions  
were collected from the bottom of the gradient by needle puncture, and 
the 5 '-[^ ^ P ]-la b e led  RNA from the fro n t slope o f the sub 8-1 OS RNA peak 
were pooled, and stored a t -20 °C in 50% (v /v ) ethanol.
Southern B lo tting  
NBM-Paper Preparation
Nitrobenzyloxymethyl (NBM)-paper was prepared es se n tia lly  as
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described previously (A lwine e t a l . ,  1977; Wahl e t a l . ,  1979; Olsen;
1982). Sheets o f Schleicher and Schuell 589 paper (8 x 12 cm) were
2
thoroughly soaked in a solution containing 0.94 mg/cm sodium acetate, 3
2 2 mg/cm N-(3-nitrobenzyloxym ethyl)-pyridinium  ch lo rid e , and 0.037 ml/cm
dd HgO. The soaked paper was placed on glass p la tes , and any a ir  bubbles
under the paper removed. The paper was dried a t 60 ®C, and then baked
fo r 35-40 minutes a t 130 ®C. The paper was washed twice fo r 20 minutes
per wash in dd H2 O, followed by washing twice fo r 20 minutes per wash
in acetone. The NBM-paper was a ir -d r ie d , and stored in a dessicator at
4 ®C u n til used.
DBM-Paper Preparation
Immediately p rio r to reaction with the fractionated  single-stranded
nucleic acids, the NBM-paper was reduced to  aminobenzyloxymethyl (ABM)-
paper. The NBM-paper was soaked in a solution containing 100 ml fresh ly
prepared 20% (w/v) sodium hydrosu lfite  a t 60 ®C fo r 30 minutes. The ABM-
paper was washed 5 times rap id ly  w ith dd HgO* and once fo r 3 minutes at
room temperature with 100 ml of 3% (v /v ) acetic  acid . A ll subsequent
steps were performed a t 4 °C using prech illed  solutions. The ABM-paper
was washed 5 times rap id ly  with dd HgO, and converted to the DBM form
by soaking fo r 30 minutes a t 4 ®C in 102.6 ml o f a fresh ly  prepared
solution containing 1 .2  N HCl and 26 mg o f NaNOg. The DBM-paper was
washed rap id ly  4 times with dd HgO (100 ml/wash) and twice fo r 5 minutes
per wash with 100 ml o f 1 M sodium acetate (pH 4 .0 ) .  At th is  point the
DBM-paper is  s lig h t ly  yellow and was reacted with the gel w ith in  two
minutes.
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Transfer o f DNA to DBM-Paper
The sample DNA to  be transferred to the DBM-paper was fractionated  
on a horizontal a lk a lin e  agarose gel as described previously. The end o f 
electrophoresis was timed so th a t the gel was ready fo r tra n s fer at the 
same time the DBM-paper was ready. Following electrophoresis, the gel 
was cu t, placed in a 21 x 31 cm polyethylene p la s tic  tub over two sheets 
of 20 X 28 cm Whatman 3 MM paper, washed once b r ie f ly  with dd H2 O, and 
twice fo r  10 minutes per wash with 300 ml 1 M sodium acetate (pH 4 .0 ) .  
A fte r the la s t wash, the sodium acetate was removed from the tub, and the 
gel centered over the 3 MM paper. The freshly-prepared DBM paper was 
c a re fu lly  placed over the g e l, and any a i r  bubbles between the gel and 
the DBM-paper removed. A "window frame" o f saran wrap was la id  over the 
edges o f the DBM-paper to prevent contact between the wet 3 MM paper and 
the dry b lo ttin g  paper above. Two sheets o f dry Whatman 3 MM paper (9 x 
13 cm) were centered over the DBM-paper, and a 3 inch th ick layer o f 
paper towels placed on top. A pane o f glass was overla id  on the paper 
towels, and a lead brick placed on top o f the glass to ensure even con­
ta c t. B lo ttin g  o f the DBM-paper was carried  out overnight a t 4 °C fo r  
a minimum o f 10 hours.
Hybrid ization o f DNA-Paper
Following b lo tt in g , the DNA-paper was removed and washed three times 
rap id ly  with dd HgO, once w ith 50 ml o f 0 .3  N NaOH fo r 60 minutes at 
room temperature, three times w ith 100 ml dd HgO ra p id ly , once with 25 ml 
0 .3  M Tris-HCl (pH 7 .4 ) fo r  10 minutes at room temperature, and f in a l ly  
twice with 100 ml o f dd HgO ra p id ly . The DNA-paper was incubated fo r 60 
minutes a t 42 in a small polyethylene box containing 10 ml o f pre­
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hybrid ization b u ffe r to  minimize sporadic high background. Prehybridi­
zation buffer consists o f 50% (v /v ) deionized formamide; 75 mM trisodium  
c it ra te ;  0.75 M NaCl; 5 times concentrated (5X) Denhardt's reagent (1966); 
2.5 mM potassium phosphate (pH 7 .5 ) ;  250 ug/ml c a lf  thymus DNA; and 10 
mg/ml g lycine. Denhardt's reagent contains 0.2% (w/v) each o f bovine 
serum albumin, F ic o ll 400, and polyvinyl p yrro lid in e . Stock solutions 
(25X) were treated  with 0.1% (v /v ) d iethyl pyrocarbonate to  inactiva te  
nuclease by s t ir r in g  the mixture fo r 60 minutes p rio r to use. A fte r the 
prehybridization step, the b u ffe r was removed and replaced with 10 ml of 
hybridization buffer containing: 50% (v /v ) deionized formamide; 0.75 M 
NaCl; 75 mM trisodium  c it r a te ;  IX Denhardt's reagent; 20 mM potassium 
phosphate (pH 7 .5 );  100 u9/ml c a lf  thymus DNA; 10% (w/v) dextran s u lfa te ;  
and 10^-2 x 10^ cpm [*^P ]-labe led  probe. The hybrid ization  b u ffe r was 
heated to  60 ®C fo r  3 minutes p rio r to  addition o f the labeled probe. The 
probe was f i r s t  denatured by heating a t 97 °C fo r 1.5 minutes in 1.1 ml 
of 10 mM Tris-HCl (pH 7 .4 ) ,  1 mM EDTA, amd 0.1% (w/v) SDS, followed by
quick cooling on ice . H ybrid ization was carried  out a t 42 ®C fo r  24 hr.
32When [ P ]-labeled  RNA was used as a probe, 15 ug/ml yeast RNA, 25 ug/ml 
poly(rA ), and 0.1% (w /v) SDS, were included in the prehybridization and 
hybridization buffers .
A fte r the hybrid ization  step, the DNA-paper was washed three times 
(10 minutes/wash) a t 42 °C with 250 ml aliquots pf 0 .3  M NaCl, 30 mM t r i ­
sodium c it r a te ,  amd 0.1% (w /v) SDS, and tw ice fo r 15 minutes per wash a t 
42 °C with 250 ml a liquots o f 15 mM NaCl, 1 .5 mM trisodium c i t r a te ,  and 
0.1% (w/v) SDS. The DNA-paper was a ir -d r ie d , wrapped in saran wrap, and 
subjected to  autoradiography.
Chapter I I I  
RESULTS
This study Involved analysis of the DNA products synthesized in a 
phosphate-buffered reconstructed reaction . The AMV reconstructed reac­
tion can be defined as a system capable o f re tro v ira l RNA-directed DNA 
synthesis which u t il iz e s  the AMV 35S RNA tempi ate • tRNÂ '̂ *̂  primer, and 
purified  reverse transcrip tase. No other v ira l-associated  components 
are used in the present reconstructed reaction . A ll other m aterials in  
the reaction mixture are from exogenous sources. A s im ila r system is  
the oligo(dT)-prim ed reac tio n , in which o ligo(dT)^2 - i 3  substituted  
fo r tRNÂ *̂ *̂  as primer. Unless otherwise sp ec ified , the term reconstructed 
reaction is  sp ec ific  fo r the tRNA^^P-primed system, and not the o lig o (d T )- 
primed system.
Optimization of AMV RNA-Directed DNA Synthesis in a Phosphate-Buffered 
Reconstructed Reaction
Although the AMV T ris -b u ffe red  reconstructed reaction has been op­
timized previously (Olsen, 1982), the phosphate-buffered system has not. 
The phosphate-buffered reconstructed reaction was optimized by systematic 
variation  o f each reaction component and examination o f i ts  e ffe c ts  on 
genomic-length DNA synthesis. Conditions which resulted in the maximum 
amount o f genome-1ength DNA synthesis were considered to be optimal fo r  
the reconstructed reaction . Maximal amounts of genomic-length DNA were 
necessary to accomplish re s tr ic tio n  mapping of the cDNA transcrip ts  as 
well as to attempt to  detect the presence of the second LTR.
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E ffec t o f Buffer
Previous studies of the AMV reconstructed reaction have employed the 
tra d it io n a l Tris-HCl buffering system (Schulz e t a l . ,  1981; Olsen, 1982; 
Olsen and Watson, 1982). The question was asked whether a b e tte r b u ffe r­
ing system than Tris-HCl could be found fo r use in the reconstructed 
reaction. Prelim inary work demonstrated the potentia l of potassium phos­
phate as a b u ffe r. These studies confirm the s u ita b il i ty  o f potassium 
phosphate as a buffer fo r the AMV reconstructed reaction.
A potassium phosphate (pH 8 .0 ) concentration of 50 mM yielded the 
greatest percentage of genomic-length DNA synthesized in the reconstruct­
ed reaction (see Fig. 8b and 12). Concentrations of phosphate greater 
than 60 mM in the reaction mixture resulted in a decrease in genomic- 
length DNA synthesis. In the presence o f 78 mM potassium phosphate (pH 
8 .0 ) ,  the overall average s ize  of the DNA transcrip ts  was reduced from 
approximately 4 .4  kb (see Fig. 7 and 11b) to  2 .5 -3 .0  kb (see Fig. 9 ) . A 
sim ilar decrease in synthesis o f genomic-length DNA was observed in re ­
constructed reactions buffered in 30-40 mM potassium phosphate (pH 8 .0 ) .  
Since the enzyme storage bu ffe r contributes 30 mM potassium phosphate 
(pH 8 .0 ) to  the reconstructed reac tio n , the e ffe c ts  of phosphate concen­
tra tions less than 30 mM were not examined.
The ra te  of DNA synthesis in the phosphate-buffered system was fas­
te r  overall than in the T ris -b u ffe red  system (F ig . 6 ) .  This increase was 
more pronounced in the f i r s t  40 minutes o f the reaction where the rate of 
DNA synthesis in 50 mM potassium phosphate (pH 8 .0 ) was 35-50% fa s te r  
than in 50 mM Tris-HCl (pH 8 .1 ) .  This increase gradually tapered to 10% 
a fte r  three hours o f incubation. DNA synthesis continued at a slower
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Fig. 6. Comparison o f the Rates o f DNA Synthesis in Reconstructed 
Reactions Buffered With 50 mM Tris-HCl (pH 8 .1 ) or 50 mM Potassium 
Phosphate (pH 8 .0 ) .  Two 150 yl reactions were incubated at 39 ®C.
At selected times a 20 y l a liqu o t was removed from each reaction and 
the amount of DNA synthesized was determined by the DE81 f i l t e r  
binding assay. Each time point represents a 2 .5  y l a liquo t normal­
ized to 50 y l .
n -  50 mM Tris-HCl (pH 8 .1 ) ;  92 mM NaCl; 5 mM MgClo; 10 mM DTT; 0 .2  
mM each of dATP, dGTP  ̂ and dTTP; 0.03 mM a-[32p]_dCiP (1800 cpm/pmol); 
20 yg/ml 353 RNA'tRNA'rP; and saturating  amounts of p u rifie d  reverse 
transcriptase.
50 mM potassium phosphate (pH 8 .0 ) ;  58 mM NaCl; 5 mM MgCl^; 10 mM 
DTT; 0.2 mM each of dATP, dGTP, and dTTP; 0 .03 mM a-[32p]-dCTP^(1800 
cpm/pmol); 20 yg/ml 353 RNA tRNAfrP; and saturating  amounts o f p u rified  
reverse transcrip tase.
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rate a f te r  three hours in both systems- The reaction was 50% complete 
a fte r  25 minutes of incubation in 50 mM potassium phosphate (pH 8 .0 ) .
This rate compared favorably to the 30-35 minutes required fo r the T r is -  
buffered system to reach 50% completion.
Analysis o f the size of the DNA products synthesized in the phos­
phate-buffered system (F ig . 7) revealed th at genome-length DNA was pres­
ent 60 minutes a f te r  in i t ia t io n  o f DNA synthesis. F ifteen  minutes a fte r
the in it ia t io n  of DNA synthesis, the largest detectable DNA species was 
approximately 3.0 kb in length, which increased to approximately 4.5 kb 
a fte r  30 minutes o f incubation. Except fo r accumulation o f DNA corre­
sponding to a size range of 0 .5 -1 .5  kb, the DNA transcrip ts  did not vary 
in size during the second and th ird  hours o f incubation. A general in ­
crease in the amount of DNA was observed in th is  period as well as accum­
ulation o f genomic DNA tra n s c rip ts . Of p a rtic u la r in te re s t was the de­
tection o f two d iscrete  species o f DNA 0 .4  kb and approximately 0.17 kb
in size in the f i r s t  30 minutes o f the reaction (F ig . 7b). Both species
accumulated during the remainder o f the reaction but did not appear to 
elongate nor diminish in s ize . In comparison to the phosphate-buffered 
reaction, the T ris -b u ffe red  system synthesized DNA transcrip ts  s im ila r  
in size at a s lig h t ly  slower ra te . Also detected were the 0 .4  kb and 
the 0.17 kb species, which accumulated during the reaction . The 0 .4  kb 
species was present in lesser amounts in the T ris -b u ffe red  system, while  
no d ifference was observed in the amount o f the 0.17 kb species.
Effect of 35S RNA Concentration
The concentration of 35S RNA was established th a t yielded the best 
compromise between the largest amount o f DNA synthesized in a standard
58
g
I - D
DISTANCE MIGRATED
Fig. 7. Rate Analysis of the Sizes o f the DNA Products Synthesized in a 
Phosphate-Buffered Reconstructed Reaction. The DNA products synthesized 
in the phosphate-buffered reconstructed reaction (F ig . 6) were fra c tio n ­
ated on a lk a lin e  1.2% (w /v) agarose gels fo r 12 hr a t 60 vo lts (constant 
voltage). The gel was d ried , and exposed to Kodak XR film  as described 
in Methods. Densitometer trac in s  were made of the resu lting  autoradio­
gram. The numerical values (in  kb) re fe r  to the re la t iv e  positions of 
5»-[32p ]-Hind I l l - digested X phage DNA markers.
A -  5 min incubation; 8 -  15 min incubation; C -  30 min incubation;
D - 60 min incubation; E -  90 min incubation; F -  120 min incubation;
G -  180 min incubation.
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reaction volume and the greatest percentage of DNA transcrip ts  a t or near 
genome-length. In general, increasing the 35S RNA concentration also in ­
creased the to ta l amount o f DNA synthesized, with a concomitant decrease 
in the e ffic ie n c y  o f RNA template u t il iz a t io n  (Table 1 ). At high concen­
tra tions of 35S RNA (41 yg /m l), the to ta l y ie ld  o f DNA as well as the 
e ffic ie n c y  o f template u t i l iz a t io n  decreased. This was due in part to  
the concentration o f RNA no longer being the lim itin g  component. A 35S 
RNA concentration o f 20 yg/ml yie lded  genomic DNA in  acceptable quan­
t i t ie s ,  and was selected as the standard 35S RNA concentration fo r the 
reconstructed reaction .
Effect of MqClo
Previous studies o f the AMV T ris -b u ffe red  reconstructed reaction  
established a d ire c t re la tionsh ip  between the extent o f genomic-length 
DNA synthesis and the MgClg concentration in the reaction mixture (Olsen, 
1982). Therefore, the e ffe c ts  o f MgCl2 on the sizes o f the DNA products 
in the potassium phosphate-buffered system were examined to determine i f  
a s im ilar re la tionsh ip  was present (Table 2 and Fig. 8 ) . In contrast to  
the T ris -buffered  system, the e ffe c t o f MgClg on the phosphate-buffered 
system was more pronounced. The greatest y ie ld  of DNA (Table 2) as well  ̂
as the largest percent of genomic-length DNA was synthesized in  a reac­
tion mixture containing 5 mM MgClg (F ig . 8b). Examination of the size and 
d is tribu tion  of the DNA tran scrip ts  suggested that two d is tin c t popula­
tions of DNA were present; a re la t iv e ly  large size class of average length
4.0 kb, and a sm aller s ize  class 0 ,1 -0 ,5  kb in length. The large size  
class o f DNA, which contained heterogenously sized DNA 1 .5 -8 .0  kb, com­
prised 55% o f the to ta l amount o f DNA synthesized. No specific  sizes
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Table 1. E ffe c t o f  C oncentra tion o f 35S RNA-tRNA^*^^ on DNA Synthesis
in  a Phosphate-Buffered Reconstructed R eaction.
353 RNA-tRNA^’̂ P (pg/ml ) pmol DNA pmol DNA/yg 353 RNA
0 .0 0 .0 —
6.7 76.0 221.6
13.7 142.4 207.6
27.4 220.8 160.8
41.2 198.8 96.5
P urified  353 RNA'tRNA^^P was incubated a t 37 ®C fo r 75 minutes in 50 
yl reaction mixtures which contained: 50 mM potassium phosphate (pH 8 .0 );  
5 mM MgClg; 58 mM NaCl; 10 mM DTT; 0 .2  mM each of dATP, dGTP, and dTTP; 
0.03 mM [3H]-dCTP (3000 cpm/pmol); and saturating amounts o f p u rifie d  
reverse transcrip tase. Total amount o f DNA synthesized was determined 
by the DE81 f i l t e r  binding assay described in Methods.
Table 2. E ffe c t o f  Magnesium C h lo ride  on 35S RNA-tRNA^^P-Directed DNA
Synthesis in  a Phosphate-Buffered Reconstructed Reaction.
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Concentration MgClg (mM) counts per minute pmol ON A
3
5
8
12
389,600
592.000
464.000
317.000
288
436
340
232
Purified  AMV reverse transcrip tase was incubated fo r 2.25 hr at 39 *C 
with 20 pg/ml 355 RNA-tRNÂ *̂ *̂  and various amounts o f Mg Cl 2 in 100 yl 
reaction mixtures which contained: 50 mM potassium phosphate (pH 8 .0 ) ;
58 mM NaCl; 10 mM DTI; 0 .2  mM each o f dATP, dGTP, and dlTP; 0.03 mM 
[^H]-dCTP (1 .4  Ci/mmol) ;  20 pg/ml 355 RNA-tRNA^’̂ ^; and saturating amounts 
of reverse transcrip tase . Five yl a liquots from each reaction were 
spotted on DE81 f i l t e r  paper as described in Methods, and the to ta l 
amount o f DNA synthesized per 100 yl determined by liq u id  s c in t il la t io n  
counting. The remaining 95 yl o f each reaction was extracted with  
phenol, and p u rifie d  on a G-50 5ephadex column as described in Methods.
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Fig. 8. Effect of MgCl2 the Sizes of the DNA Products Synthesized in a Phosphate-Buffered Recon­
structed Reaction. The DNA products synthesized under conditions described in Table 2 were fractionated 
on alkaline 0.7% (w/v) agarose gels at 25 volts (constant voltage) for 5 hrs as described in Methods. 
Each gel was sliced, and each slice dissolved in 3 ml of Aquasol I I .  The total amount of DNA per 
slice was determined by liquid scin tilla tion  counting. The numerical values (in kb) refer to the 
relative positions of 5 '-[32p ]-Hind I l l - digested X  phage DNA markers. A - 3 mM MgCl«; B - 5 mM MgCl«;
C - B mM MgClg; D - 12 mM MgClg.
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were d iscern ib le . In contrast, the sm all-s ize class contained two re la ­
t iv e ly  d iscrete DNA species, with approximate lengths of 0 .4  kb and 0.17  
kb, respectively . The species in th is  la t te r  class were identica l in 
size to those seen 2-3  hours a fte r  in it ia t io n  o f DNA synthesis in the 
phosphate-buffered reconstructed reaction (F ig . 7 ).
Deviation from the optimal d iva len t cation concentration of 5 mM 
MgClg resulted in several changes in the DNA size d is tr ib u tio n . Decreas­
ing the MgCl2 concentration to  3 mM reduced the to ta l y ie ld  of DNA (Table 
2 ) ,  including DNA in both the large and sm all-s ize classes (F ig . 8a). 
Although the percentage o f genomic-length DNA decreased to such an extent 
as to be undetectable, the percentage of DNA in the 1 .5 -8 .0  kb class 
increased to 69% o f the to ta l amount of DNA synthesized. The percentage 
of DNA in the 1 .5 -8 .0  kb range decreased to 48% of the to ta l amount of 
DNA synthesized in reaction mixtures which contained 8 mM MgClg (F ig . 8c ), 
although minor amounts o f genomic DNA were detectable. Increasing the 
MgClg concentration fu rth e r to 12 mM (F ig . 8d) had a deleterious e ffe c t  
on both the to ta l amount o f DNA synthesized (Table 2) and the percent of 
DNA in the la rg e -s ize  class (F ig . 8d). Less than 35% o f the to ta l DNA 
transcripts were g reater than 1.5 kb, and the largest did not exceed
4.0 kb.
The re la tiv e  amounts o f the 0 .4  and 0.17 kb species varied consider­
ably. Reaction mixtures containing high (12 mM) or low (3 mM) concentra­
tions o f MgClg did not support the synthesis o f the 0 .4  kb species as 
e ffe c tiv e ly  as reaction mixtures containing e ith e r  5 or 8 mM MgCl2 . In 
contrast, the 0.17 kb species was a major component o f a l l  four reactions, 
and was the predominant species in the reaction mixture which contained
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12 mM MgClg. Of in te re s t was the general Increase in the proportion of 
the 0.17 kb species compared to the to ta l amount o f DNA transcrip ts  as the 
concentration o f MgClg was increased. This suggests that synthesis of 
th is  species was influenced by the levels  o f MgClg present in the reaction  
mixture. The concentration o f phosphate did not appear to a ffe c t the 
ra tio  o f the two species, as the sm all-s ize class o f DNA transcrip ts  syn­
thesized in 78 mM potassium phosphate (pH 8 .0 ) and 5 mM MgClg (F ig . 9) 
were s im ila r in size and proportion to  the 0 .4  and 0.17 kb species syn­
thesized in 50 mM potassium phosphate (pH 8 .0 ) and 5 mM MgClg (F ig . 8b). 
Sim ilar resu lts were observed in analysis o f transcrip ts  synthesized in  
concentrations o f 30-40 mM potassium phosphate (pH 8 .0 ) .
E ffect o f Na^-K^
The e ffe c t o f monovalent cation concentration on the size o f the 
DNA transcrip ts  synthesized in a phosphate-buffered reconstructed reac­
tion was also examined (Table 3 and Fig. 10 ). The contribution o f 92 mM 
by the enzyme storage b u ffe r precluded analysis o f the e ffec ts  of 
extremely low levels o f Na^-K^. In view o f th is  lim ita t io n , as well as 
reports by other investigators (Retzel e t a l . ,  1980; Olsen, 1982), ex­
periments were performed varying the Na^-K^ concentrations from 100 mM 
to less than 200 mM, and the resu lting  DNA transcrip ts  analyzed.
A Na^-K^ concentration o f 150 mM in the reaction mixture yielded  
the greatest amount o f DNA synthesized in a two hour reaction at 39 *C 
(Table 3 ). Analysis o f the DNA transcrip ts  demonstrated that th is  con­
centration also resulted  in the greatest amount of genomic-length DNA, 
including s ig n ific a n t q uan tities  o f the 0 .4  and 0.17 kb species in 
roughly equimolar amounts (F ig . 10, lane 4 ) .  The bulk of the DNA tran -
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Fig. 9. Size Analysis o f the DNA Products Synthesized in a Reconstruct­
ed Reaction Buffered With 78 mM Potassium Phosphate (pH 8 .0 ) .  The sample 
was fractionated  on an a lk a lin e  0.7% (w/v) agarose gel at 25 vo lts  (con­
stant voltage) fo r 5 h r, s lic e d , and dissolved in 3 ml of Aquasol I I  as 
described in Methods. Numerical values re fe r to the lengths in kb of the 
re la tiv e  postions of 5 ‘ -Ç3^P]-Hind I l l - digested X phage DNA markers. The 
DNA products were synthesized in a 50 yl reaction mixture which contained 
78 mM potassium phosphate (pH 8 .0 ) ;  5 mM MgCl2 ; 8 mM NaCl; 10 mM DTT; 0 .2  
mM each o f dATP, dGTP, and dTTP; 0.03 mM [3H]-dCTP (3000 cpm/pmol); 20 
yg/ml 35S RNA-tRNA^’̂ P; and saturating amounts o f p u rified  reverse tra n ­
scrip tase. The reaction was incubated fo r 3 hr at 39 °C, and p u rified  
as described in Methods,
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Table 3. E ffe c t o f  Sodium C h lo ride  on 353 RNA-tRNA^’̂ '^-D irected DNA
Synthesis in  a Phosphate -B u ffe re d  Reconstructed Reaction.
Concentration NaCl (mM) counts per minute pmol DNA
8 380,480 211.2
28 383,200 212.8
48 391,620 222.2
58 457,040 254.1
78 349,800 194.4
98 211,800 117.6
P urified  AMV reverse transcrip tase was incubated fo r 2.0 hr a t 39 °C 
with various amounts o f NaCl in 100 pi reaction mixtures which contained: 
50 mM potassium phosphate (pH 8 .0 ) ;  5 mM MgClg; 10 mM DTT; 0 .2  mM each 
of dATP, dGTP, and dTTP; 0 .03 mM a-[^^P]-dCTP (1800 cpm/pmol); 20 pg/ml 
35S RNA'tRNA^’̂ '̂ ; and saturating  amounts o f reverse transcrip tase. The 
contribution o f the enzyme b u ffe r per reaction was 92 mM K*. Five yl 
aliquots from each reaction were spotted on DE81 f i l t e r  paper as described 
in Methods, and the values were normalized to  100 yl reactions.
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Fig. 10. E ffec t o f NaCl on the Sizes o f the DNA Products Synthesized In 
a Phosphate-Buffered Reconstructed Reaction. Refer to Table 3 fo r d e ta ils  
of synthesis. Samples were fractionated  on a lka lin e  1.2% (w/v) agarose 
gels at 50 volts (constant voltage) fo r  15 h r, dried and autoradiographed 
as described In Methods. The numerical values (In  kb) re fe r to the re la ­
tive  positions o f 5 '-[3 2 p ]_ Hind I l l - digested X phage DNA markers.
Lane 1 -  8 mM NaCl; lane 2 -  28 mM NaCl; lane 3 -  48 mM NaCl; lane 4 -  
58 mM NaCl; lane 5 -  78 mM NaCl; lane 6 -  98 mM NaCl.
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scrip ts ranged in size from 2.0  to greater than 6 .0 -7 .0  kb. Except fo r 
a decrease o f 12.6% and 16.5% in the amount o f DNA synthesized in reac­
tions containing 140 mM and 120 mM Na*-K*, respective ly , the DNA tra n ­
scripts synthesized in these concentrations were s im ila r to those synthe­
sized in 150 mM Na*-K* in both size and d is trib u tio n  (F ig . 10, lanes 3 ,4 ) .  
Decreasing the Na*-K* concentration to  100 mM, however, resulted in 
in h ib itio n  o f genomic-length DNA synthesis (F ig . 10, lane 1 ). Genomic- 
length DNA was not detected in reactions which contained 170 mM or 190 mM 
Na*-K* (F ig . 10, lanes 5 ,6 ) .  The to ta l amount o f DNA synthesized was 76% 
and 53%, resp ective ly , o f the to ta l y ie ld  o f DNA synthesized in 150 mM
Na*-K*. Minor amounts o f DNA less than 1.0 kb were also detected. The
DNA transcrip ts synthesized in 170 mM Na*-K* did not exceed 5 .5 -6 .0  kb 
(lane 5 ) . Of p a rtic u la r  in te re s t was the detection o f the 0 .4  kb species 
but not the 0.17 kb species. In comparison, the DNA transcrip ts  synthe­
sized in 190 mM Na*-K* did not exceed 4 .0  kb (lane 6 ) .  Neither the 0 .4  
kb nor the 0.17 kb species was detected. This was possibly due to the 
re la tiv e ly  low amount of DNA transcrip ts  present, although the 0.17 kb 
species was not detected in reactions which contained 170 mM Na*-K*. Of 
p articu lar in te re s t was the detection o f several DNA species o f d iscrete  
sizes greater than 0 .5  kb in length in several o f the reactions. These
species may be due to  natural stops or "s ta llin g "  by the enzyme during
reverse tra n s crip tio n .
Effect of g-r^^Pl-dCTP
32Since a - [  P]-dCTP was destined to  play a major ro le  in  analysis of 
the cDNA transcrip ts  in la te r  experiments, the e ffe c ts  o f high specific  
a c tiv ity  of a-[^^P]-dCTP were examined as well as d iffe re n t concentrations
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o f dCTP in  th e  re a c tio n  m ix tu re  (Table 4 ). High s p e c if ic  a c t iv i t y  o f
ct-[^^P]-dCTP m ight d i r e c t ly  a f fe c t  the a b i l i t y  o f  reverse tra n s c r ip ta s e
32to synthesize long DNA transcrip ts  since the of [ P] is  0.69 MeV
(^max" MeV) as compared to the which is 5.7 KeV
18.6 KeV).
A general trend noted was the observation that the higher the spe­
c i f ic  a c t iv ity  o f a-[^^P]-dCTP, the lower the y ie ld  of DNA (Table 4 ) .  
Increasing the concentration of dCTP from 0.03 mM to 0.1 mM while main­
tain ing  a s im ila r sp ec ific  a c t iv ity  (8000-8500 cpm/pmol) resulted in a 
62% decrease in the to ta l amount o f DNA synthesized (Table 4 , reactions 
2 ,3 ). The opposite e ffe c t  was observed fo r  [^H]-dCTP, as a s lig h t in ­
crease in the to ta l amount o f DNA synthesized was observed when the con­
centration was increased from 0.03 mM to 0.1 mM while maintaining the same 
specific  a c t iv ity  of [^H]-dCTP (Table 4 , reactions 7 ,8 ) . Decreasing the 
specific  a c t iv ity  o f 0.03 mM a-[^^P]-dCTP to 2000 cpm/pmol or less (reac­
tions 10,12,14) resulted in y ie ld s  o f DNA comparable to  reaction mixtures 
containing 0.03 mM [ H]-dCTP, approximately 4 pmol DNA/yl reaction mix­
ture at 39 ®C fo r 2 hours (F ig . 7 , 1 2 ) .  Examination of the sizes o f the 
DNA transcrip ts  by v e lo c ity  sedimentation centrifugation  revealed struc­
tural features s im ila r to those observed using a lk la in e  0.7% (w /v) agarose 
gels (F ig . 8 ) ;  the presence o f two d is tin c t classes o f DNA, the la rg e - 
size class (1 .5 -8 .0  kb) and the smal1-size class less than 0.5  kb in 
length (F ig . 11).  The la t t e r  was not usually resolved into separate, 
d is tin c t species as observed on a lk a lin e  agarose gels. S urpris ing ly , 
the DNA tran scrip ts  synthesized in reaction mixtures which contained 
fresh, high sp ec ific  a c t iv i ty  (8500 cpm/pmol) a-[^^P]-dCTP (F ig . l i b )
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Table 4. E ffe c t o f  S p e c if ic  A c t iv i t y  o f  Radiolabeled dCTP on 35S RNA
tRNAT^P-Directed DNA Synthesis in  a Phosphate-Buffered Reconstructed
R eaction.
Reaction S pecific  A c tiv ity  Isotope Concentration dCTP (mî'1) pmol DNA 
(cpm/pmol)
1 10,200 [32p] 0.03 59.2*
2 8,500 [32p] 0.03 224.0
3 8,000 [32p] 0.10 84.1
4 8,000 [^H] 0.03 434.2
5 4,000 [32p] 0.03 312.5
6 3,000 [^H] 0.10 217.6^
7 3,000 C^H] 0.03 424.2
8 3,000 [^H] 0.10 465.3
9 3,000 [^H] 0.10 1440.0^
10 2,000 [32p] 0.03 376.0
11 2.000 [32p] 0.03 321.3**
12 1.650 [32p] 0.03 412,0
13 965 C^H] 0.03 517.6®
14 800 [32p] 0.03 448.0^
Unless otherwise stated , reactions were incubated at 39 ®C fo r 2.i0 hr in
50 Ml reaction mixtures which contained: 50 M potassium phosphate (pH 8.(
5 mM MgClg; 58 mM NaCl; 10 
radiolabeled dCTP; 20 Mg/ml
mM DTT; 0 .2  mM each o f dATP, dGTP, and dTTP; 
35S RNA'tRNA^^P; and saturating amounts of
reverse transcrip tase . Unless specified 1 , radioisotope p urity  was greater
than 95%. The to ta l y ie ld  o f DNA was determined by the DE81 f i l t e r  paper
binding assay. Each reaction was normalized to  100 y l .
^radioisotope p u rity  90% 
*^incubation time o f 30 minutes
^isotope had decayed 3 h a lf-1 ife s  
p rio r to use
^incubation time extended to 2.5 1
^reaction included 10 yg/ml o lig o (d T)i2_ TO ^isotope had decayed one 
h a l f - l i f e  p rio r to  use
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Fig. 11, Effect of Specific Activity of Radiolabeled dCTP on the Sizes of the DNA Products Synthe­
sized in a Phosphate-Buffered Reconstructed Reaction. Refer to Table 4 for details of synthesis. 
Samples were centrifuged for 4.5 hr at 54,000 rpm in a SW60 rotor on 5-20% (w/v) alkaline sucrose 
gradients as described in Methods. Lengths (in kb) refer to the relative positions of 5'-[32p]_
Hind I l l - digested Xphage DNA markers. A - reaction 1; B - reaction 2; C - reaction 11; D - reaction 
14; E - reaction 9; F - reaction 10.
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were s im ila r in size to those synthesized in reaction mixtures containing
low sp ec ific  a c t iv ity  (2000 cpm/pmol} a-[^^P]-dCTP (F ig . I l f ) .  When the
specific  a c t iv ity  was greater than 10,000 cpm/pmol, a decrease in the
ra tio  o f the la rg e -s ize  to sm all-s ize DNA classes was observed (F ig . 11a).
The decrease in genomic-length DNA synthesis was more dramatic in reaction
32mixtures containing a - [  P]-dCTP th at had undergone one or more h a lf -  
l i fe s  of decay (F ig . 11c,d) p rio r to use in the reconstructed reaction. 
Minor amounts o f genomic-length DNA were detectab le , and the proportion  
of DNA in the small s ize-c lass comprised a greater percentage o f the to ta l
DNA products. However, the to ta l y ie ld  o f DNA was comparable to those
32synthesized in id en tica l reactions using fresh a - [  P]-dCTP (Table 4 ,
reactions 10 ,11 ). This suggested th a t an in h ib ito r  was present in prepa-
32rations o f o r[ P]-dCTP that had undergone considerable radioactive  
decay. As a comparison, analysis o f the DNA transcrip ts  synthesized in 
an oligo(dT)-prim ed reaction with [ H]-dCTP revealed that the sm all-size  
DNA class comprised a much sm aller percentage o f the to ta l DNA population. 
Plus strand synthesis was not suppressed in th is  reaction , and since the 
oligo(dT)-primed reaction has no requirement fo r a transcrip tion a l jump, 
i t  is  reasonable to expect th a t much o f the sm all-s ize class of DNA was 
of plus p o la rity  (F ig . l i e ) .  S im ila r it ie s  between the oligo(dT)-prim ed  
reaction and the tRNAT^^-primed reconstructed reactions suggest th a t 
the sm all-size DNA class synthesized in the la t t e r  reaction might consist 
of s ig n ifica n t quantities  o f plus DNA, although considerable quantities  
might be due to  cDNA th a t did not make the correct transcrip tional jump.
The increased proportion o f the sm all-s ize  DNA class in reactions incu-
32bated with a - [  P]-dCTP th a t had undergone one or more h a l f - l i f e s  o f
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radioactive decay may be due to snapback DNA. Snapback DNA (or hairp in  
DNA) is  the re su lt o f incorrect elongation o f the in i t ia l  cDNA species 
that does not make the correct transcrip tion a l jump.
E ffect o f Temperature
The incubation temperature th at yielded the largest amount o f DNA in  
a two hr reaction buffered with potassium phosphate (pH 8 .0 ) was 39 ®C 
(Table 5 ) .  At 37 ®C, the amount o f DNA synthesized under comparable
conditions was 8% less. Decreasing the temperature fu rth e r to 34 “C
resulted in a 30% decrease compared to  the amount synthesized a t 39 *C.
Increasing the temperature to 41 °C and 45 °C resulted in a 5% and 16%
decrease, resp ective ly , compared to  th a t synthesized a t 39 ®C. The amount 
of genomic-length DNA did not vary noticeably in reconstructed reactions 
incubated a t temperatures ranging from 37 ®C to 41 ®C. A s lig h t decrease 
in the percent o f genomic-length DNA was observed in reactions incubated 
at 34 and 45 ®C. However, genomic-length DNA was present in a ll  o f 
these reactions. Since no temperature of incubation gave b e tte r results  
than 39 ®C, th is  temperature was maintained in a l l  fu rth e r experiments 
to provide consistent re s u lts .
Comparison o f the DNA Transcripts Synthesized in the Optimized Phos­
phate-Buffered and T r is -Buffered Reconstructed Reactions
A fter the various components o f the phosphate-buffered system were 
optimized, the sizes o f the DNA tran scrip ts  synthesized in 50 mM potassium 
phosphate (pH 8 .0 ) were compared to those synthesized in 50 mM Tris-HCl 
(pH 8 .1 ) a f te r  two hours o f incubation. In terms o f y ie ld , the phosphate- 
buffered reaction produced 377.6 pmol o f polymeric DNA as compared to 
241.2 pmole synthesized in the T r is -buffered  reaction . A greater percent-
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Table 5. E ffe c t o f  Temperature on 35S RNA'tRNA^^^-Directed DNA Synthesis
in  a Phosphate-Buffered Reconstructed Reaction,
Temperature (*C) pmol DNA
34 296.8
37 390.0
39 424.2
39 875.4
41 402.9
45 354.9
Purified  AMV reverse transcrip tase was incubated at various temperatures 
for 2.0 hr in 20 |il reaction mixtures which contained: 50 mM potassium 
phosphate (pH 8 .0 ) ;  5 mM MgClgi 58 mM NaCl; 10 mM DTT; 0 .2  mM each of 
dATP, dGTP, and dTTP; 0 .03  mM [^ ]-d C TP  (3000-3300 cpm/pmol); 20 pg/ml 
35S RNA'tRNA and saturating  amounts o f p u rifie d  reverse tra n s c rip t-  
ase. Total amount o f polymeric DNA per reaction was determined by the 
DE81 f i l t e r  paper binding assay as described in  Methods, and normalized 
to 100 p i.
^25 pg/ml 35S RNA; 10 pg/ml o ligo (dT)^ 2 - i 8
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age o f DNA at or near genomic-length was synthesized in the phosphate-buf­
fered system, and the average size o f the DNA tra n s c rip ts , 4 .0 -7 .0  kb, 
was also greater than those synthesized in the T ris -bu ffered  reaction  
(F ig . 12). The 0 .4  kb species was detected in both reactions, and note­
worthy was the detection o f several d iscrete species o f DNA in both the 
phosphate-buffered and T ris -b u ffe red  systems o f iden tica l lengths. Ex­
cept fo r the detection o f increased amounts o f genomic DNA, i t  appears 
that the phosphate-buffered reaction contained s im ila r , i f  not id e n tic a l, 
species o f DNA compared to those found in the T ris -b u ffe red  system. 
Detection o f Plus DNA Synthesis in the Phosphate-Buffered Reconstructed 
Reaction
The question was asked whether the phosphate-buffered reconstructed 
reaction was capable o f supporting synthesis of DNA with a plus p o la r ity . 
Plus DNA has been detected in the T ris -b u ffe red  reconstructed reaction  
(Olsen, 1982; Olsen and Watson, 1982). Plus DNA was also detected in a 
phosphate-buffered, oligo(dT)-prim ed reaction using 35S RNA as template 
(Fig, 13). Analysis o f the DNA transcrip ts  synthesized in the la t te r  
reaction in the presence (F ig . 13a) or the absence (F ig . 13b) o f sodium 
pyrophosphate (Na^PgOy) by v e lo c ity  sedimentation centrifugation  revealed 
that the DNA tran scrip ts  synthesized in  the presence o f Na^P20y did not 
contain the sm all-s ize class. Although Na^PgOy a t a concentration o f 4 
mM had a s lig h t in h ib ito ry  e ffe c t on reverse transcrip tion  (F ig . 5b ), i t  
also suppressed DNA-directed DNA synthesis by reverse transcriptase  
(Myers et a l . ,  1977). In view o f the s im ila r it ie s  in  the sizes of the 
sm all-size class o f DNA synthesized in the oligo(dT)-prim ed reaction (F ig . 
13b) and the phosphate-buffered reconstructed reaction (F ig . 8 and 14), a
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Fig, 12. Comparison o f the DNA Products Synthesized in a 2 Hour O pti­
mized Phosphate-Buffered or Tris-B uffered Reconstructed Reaction. Sam­
ples containing the p u rified  DNA products from reactions buffered with 
e ith e r 50 mM potassium phosphate (pH 8 .0 ) or 50 mM Tris-HCl (pH 8 .1 ) were 
fractionated on a lk a lin e  1.2% (w/v) agarose gels fo r 18 hr a t 50 volts  
(constant voltage) as described in Methods. The DNA products were syn­
thesized in 100 pi reaction mixtures which contained: e ith e r 50 mM potas­
sium phosphate (pH 8 .0 ) or 50 mM Tris-HCl (pH 8 .1 );  58 mM or 92 mM NaCl;
5 mM MgCl?; 10 mM DTT; 0 .2  mM each of dATP, dGTP, and dTTP; 0.03 mM [^H]-
dCTP (3000 cpm/pmol); 20 pg/ml 35S RNA-tRNA '̂^P; and saturating amounts
o f p u rified  reverse transcrip tase. The reactions were incubated fo r 2 hr 
at 39 ®C, and p u rifie d  as described in Methods, The sizes (in  kb) re fe r  
to the re la tiv e  positions of 5 '- [3 2 p ] -Hind I l l - digested X phage DNA 
markers.
Lane A -  50 mM potassium phosphate (pH 8 .0 ) and 58 mM NaCl.
Lane b -  50 mM Tris-HCl (pH 8 .1 ) and 92 mM NaCl.
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Fig. 13. E ffect o f Sodium Pyrophosphate on the Sizes o f the DNA Products 
Synthesized in the Phosphate-Buffered, 01igo(dT)-Primed Reaction. Sam­
ples containing the DNA products from oligo(dT)-prim ed reactions synthe­
sized in the presence (F ig . 13a) and the absence (F ig . 13b) of sodium 
pyrophosphate were centrifuged fo r 4 hr a t 54,000 rpm in a SW60 ro tor at 
21 °C as described in Methods on a lk a lin e  5-20% (w /v) sucrose density 
gradients. Each reaction consisted o f 50 yl o f a mixture which contained: 
50 mM potassium phosphate (pH 8 .0 ) ;  58 mM NaCl; 5 mM MgCl«; 10 mM DTT ; 0 .2  
mM each o f dATP, dGTP, and dTTP; 0 .03 mM [^H]-dCTP (3000 cpm/pmol) ;  25 
yg/ml 35S RNA; 10 yg/ml o lig o (d f) ]2 - i8 »  saturating  amounts of purified  
reverse transcrip tase. Reactions were incubated fo r 60 min at 39 ®C and 
purified by phenol ex trac tion  followed by G-50 Sephadex chromatography as 
described in Methods.
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Fig. 14. Fractionation o f the DNA Products o f the Optimized Phosphate- 
Buffered Reconstructed Reaction by Velocity Sedimentation Centrifugation  
The sample was centrifuged fo r 4 hr a t 54,000 rpm in a SW60 ro tor on an 
alkaline 5-20% (w /v) sucrose density gradient as described in Methods. 
The DNA products were synthesized in a 0 .5  ml reaction mixture which 
contained; 50 mM potassium phosphate (pH 8 .0 ) ;  58 mM NaCl; 5 mM MgCl?;
10 mM DTT; 0 .2  mM each o f dATP. dGTP, and dTTP; 0.03 mM a-[32p]-dCTP^ 
(1330 cpm/pmol); 20 yg/ml 355 RNA'tRNATrP; and saturating amounts of 
purified  reverse transcrip tase . The reaction was incubated fo r 2 hr a t 
39 ®C, and p u rified  as described in Methods. Following a lk a lin e  hydro­
lysis overnight, the DNA products were neu tra lized  and prec ip ita ted  in 
ethanol a t -20 °C. The numerical values re fe r  to the re la tiv e  sizes (im 
kb) of 5 ‘ [32p],Hind I l l-d ig e s te d  X phage DNA markers.
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series o f experiments were performed to determine the extent o f plus DNA 
synthesis in the phosphate-buffered reconstructed reaction and to deter­
mine th e ir  s izes.
The DNA products o f the phosphate-buffered reconstructed reaction  
synthesized in the presence and absence o f actinomycin D, another reported 
in h ib ito r  o f plus strand synthesis, were analyzed by ve loc ity  sedimenta­
tion ve lo c ity  cen trifu g atio n . Fractions containing DNA 0 .2 -2 .0  kb in 
length were pooled, and hybridized with a mass excess o f 35S RNA (Crot = 
0.45 mol'SeC'l ^ ). At s p e c ific  tim es, a liquots were removed and digested 
with SI nuclease (F ig . 15 ). A fte r 24 hours o f h yb rid iza tio n , the DNA 
transcripts synthesized in the presence o f 100 pg/ml actinomycin D were 
94% res is tan t to  SI nuclease d igestion , while the products synthesized in 
the absence o f actinomycin D were 61% re s is ta n t. Therefore, o f the re ­
maining 33% o f the DNA population unable to hybridize with 35S RNA, the 
majority of these should be o f plus p o la r ity . Although a minor propor­
tion o f th is  population might be unhybridized cDNA, i t  appears that a s ig ­
n ifican t percentage of DNA between 0 .2 -2 .0  kb was of plus p o la r ity .
The sizes of DNA transcrip ts  unable to hybridize to 35S RNA were 
examined (F ig . 16). The to ta l DNA products synthesized in a phosphate- 
buffered reconstructed reaction were hybridized a t 52 ®C with a large mass 
excess of 35S RNA (Crot = 0 .18 mol*sec*1“^) .  Electrophoresis of a small 
aliquot of the tran scrip ts  demonstrated the presence o f the two size 
classes o f DNA seen previously; DNA tra n scrip ts  1 .5 -8 .0  kb in length, and 
the sm all-size class less than 0 .5  kb (F ig . 16a). In add ition , there was 
a considerable proportion o f DNA belonging to  the interm ediate-s ize class 
(0 .5 -1 .5  kb). The unhybridized DNA was separated from the RNA-DNA hybrids
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Fig. 15. Rate o f Hybrid ization to  35S RNA o f the Small-Size DNA Products 
Synthesized in the Phosphate Buffered Reconstructed Reaction. [3 H ]-la b e l-  
ed DNA synthesized in the optimized phosphate buffered reconstructed re ­
action was fractionated  on a lk a lin e  5-20% (w/v) sucrose density gradients 
as described in Methods. DNA 0 .2 -2 .5  kb in length was incubated at 69 
with a 42-fo ld  mass excess o f 35S RNA fo r  various times. The annealing 
was carried out in a 75 yl reaction mixture which contained: 0.13 ng/yl 
[3h]-DNA, 5.7 ng/pl 35S RNA; 10 mM potassium phosphate (pH 6 .1 ) ;  500 mM 
NaCl; and 1 mM EDTA. At selected times a 6 yl a liqu o t was removed and 
incubated fo r 90 min a t 37 ®C in 1 ml o f SI nuclease buffer and s u ffic ie n t  
SI nuclease to  achieve complete digestion o f single-stranded DNA under 
these conditions. The extent o f resistance to  SI nuclease digestion was 
determined by the TCA p re c ip ita tio n  procedure described in Methods.
^  -  DNA synthesized in the presence o f 100 yg/ml actinomycin D.
V - DNA synthesized in the absence o f actinomycin D.
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Fig, 16. Detection o f DNA Species Unable to Hybridize With AMV 353 RNA. 
[^H]-labeled DNA synthesized in the optimized phosphate-buffered recon­
structed reaction ( r e f .  Fig. 12 fo r d e ta ils )  were hybridized to a 40- 
fold mass excess o f 353 RNA in 80% (v /v ) formamide as described in Meth­
ods. Following h y b rid iza tio n , the e n tire  reaction mixture was purified  
by density gradient cen trifu g ation  on 1.2 M guanidinium hydrochloride- 
6 M CsCl gradients at 35,000 rpm fo r 46 hrs a t 20 °C in a 3W50.1 ro to r. 
The peak fractions containing unhybridized DNA (frac tion s  3-7) were de­
salted by G-50 Sephadex chromatography, pooled, and prec ip ita ted  over­
night in 70% (v /v ) ethanol a t -20 ®C. The sample was recovered by 
centrifugation , and frac tion ated  on an a lk a lin e  0.7% (w/v) agarose gel 
as described in Methods.
A. Size analysis o f the to ta l DNA products p rio r to hybridization by 
alkaline 0.7% (w /v) agarose gel e lectrophoresis.
B. P u rifica tio n  o f the unhybridized DNA by density gradient c e n tr ifu ­
gation.
C. Size analysis o f the unhybridized DNA by a lk a lin e  0.7% (w/v) agarose 
gel electrophoresis.
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by equilibrium  density cen trifugation  using 6 M CsCl-1 .2  M guanidinium 
hydrochloride (Enea and Zinder, 1975). The procedure was modified to 
allow the RNA*DNA hybrids to p e lle t  a t the bottom o f the tube while un- 
hybrized single-stranded DNA migrated to an apparent density o f 1.55 
g/ml (F ig . 16b). T y p ic a lly , the percent o f DNA that migrated as single­
stranded DNA comprised 15-20% o f the to ta l DNA products synthesized in 
the phosphate-buffered system. The unhybridized DNA was sized by a lka­
lin e  agarose gel elctrophoresis (F ig . 16c). The resu lts suggested that 
the m ajority of the unhybridized single-stranded DNA was 0 .1 -0 .7  kb in 
length, but tran scrip ts  up to 2 .5  kb were detectable. These values 
generally agree w ith an e a r l ie r  study o f the DNA products synthesized 
in the T ris -b u ffe red  system, although plus DNA did not exceed 1.5 kb in 
length (Olsen, 1982). The present resu lts  suggested that plus DNA is  
synthesized in the phosphate-buffered reaction , and th at the m ajority  
of these species belong to the sm all-s ize DNA class (0 .1 -0 .5  kb) as 
observed in e ith e r a lk a lin e  agarose gels (F ig . 7 ,8 ,1 2 ) or in a lka lin e  
sucrose ve loc ity  gradients (F ig . 11 ,13 ,1 4 ). However, these results did 
not provide an answer as to what d iscrete  species of plus DNA, i f  any, 
are present in the DNA population synthesized in the phosphate-buffered 
reconstructed reac tio n , since the sm all-s ize  DNA class may contain 
immature cDNA elongation products or other a r t ifa c ts  of the reconstructed 
reaction as w ell as plus DNA.
Specific plus DNA species have been detected previously in the AMV 
RNA-directed T ris -b u ffe red  reconstructed reaction (Olsen, 1982; Olsen and 
Watson, 1982) using sp e c ific  probes. To determine whether the phosphate- 
buffered system behaved s im ila r ly  to the T ris -b u ffe red  system, the DNA
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transcrip ts  synthesized in the phosphate-buffered RNA-directed recon­
structed reaction were examined fo r evidence of plus DNA synthesis 
using the technique o f Southern b lo ttin g  (Southern, 1975), Two cDNA 
probes were employed, cDNAg, and cDNA^p. cDNA^^p was a non-specific  
probe designed to detect any species o f plus DNA complementary to the 
cDNA tem plate. cDNA^,, on the other hand, was designed to detect plus 
DNA complementary to sequences a t or near the 5 *-end (S' LTR) o f the 
cDNA template. The average size o f cDNAg, was 0 .3  kb (+ 0 .0 5  kb).
The DNA products o f the phosphate-buffered (lane 3) and the T r is -
32buffered (lanes 4 ,5 ) reconstructed reactions were probed with [ P ]-
labeled cDNA^^p (F ig . 17a). In lane 3, the a lka li-h yd ro lyzed , p u rified  
DNA products (65 ng) synthesized in the phosphate-buffered system showed 
evidence o f heterogenous plus DNA synthesis. The plus DNA detected fe l l  
prim arily  in to  two size groups; 0 .1 -0 .4  kb, and 0 .8 -2 .0  kb. Minor amounts 
of interm ediate-size plus DNA were detected (0 .4 -0 .8  kb), but v ir tu a lly  
no plus DNA less than 0.1 kb in length was detected. In comparison, lane 
4, which contained 18 ng of the p u rifie d  DNA products from the T r is -  
buffered reaction , showed l i t t l e  evidence of plus DNA synthesis. This 
was not surpris ing , as the e ffic ie n c y  o f Southern b lo ttin g  is  d ire c tly  
proportional to  the amount o f sample to be detected. Lane 5 , in which 
the DNA products o f the T ris -b u ffe red  reaction were not a3kali-hydrolyzed  
prior to  electrophoresis, demonstrated th a t extensive amounts o f fragment­
ed 35S RNA was detected. The question o f why more plus DNA was not de­
tected in the 0 .4 -0 .8  kb range may be due to  the re la tiv e  non-spec ific ity  
of the cDNA^gpprobe. Another explanation may be th a t , at leas t in the 
phosphate-buffered reconstructed reac tio n , minor quantities of plus DNA
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Fig. 17. Detection o f Plus DNA Synthesis in a Phosphate-Buffered 
Reconstructed Reaction By Southern B lo ttin g . [3h] - 1abeled DNA synthe­
sized in standard reconstructed reactions (re fe r  to Fig. 12) buffered  
in e ith e r 50 mM potassium phosphate (pH 8 .0 ) or 50 mM Tris-HCl (pH 8 .1 ) 
were a lka li-h yd ro lyzed , and p u rifie d  as described in Methods. The 
samples were fractionated  on a lk a lin e  2.5% (w /v) agarose gels fo r 6 hr 
at 150 mA (constant c u rre n t). The DNA
DBM-paper as described in Methods and 
cDNA probes.
A. cDNArep probe. Lane 1 -  5 * - [  P ]-Hind I l l - digested X phage DNA 
markers; lane 2 -  5 '- [3 2 p ] -Hae I l l - digested *X-174 phage DNA markers; 
lane 3 -  65 ng DNA from the phosphate-buffered reaction; lane 4 - 1 8  
ng DNA from the T ris -b u ffe red  reaction; lane 5 -  25 ng DNA from the 
Tris-buffered  reaction (no a lk a li  hydro lysis).
B. cDNAs' probe. Lane 1 -  5 '-[3 2 p ]_ Hind I l l - digested X phage DNA mar­
kers; lane 2 -  143 ng DNA from the phosphate-buffered reaction; lane 
3 -  86 ng DNA from the T ris -b u ffe red  reaction; lane 4 -  5 '- [3 2 p ]-  
Hae I l l - digested 4>X-174 phage DNA markers.
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corresponding to  th is  size range were actua lly  synthesized.
When the sp ec ific  probe cDNAg, was used, several d iscrete species 
of plus DNA were detected (F ig . 17b). Specific plus DNA species detected 
by cDNAg, th a t had been synthesized in the phosphate-buffered reconstruct­
ed reaction (lane 2) corresponded to sizes o f 0 .4  kb, 0 ,3  kb, and 0.17  
kb. Plus DNÂ qq and plus DNÂ qq (mass ra tio  4 :1 ) have been detected 
previously in studies o f the AMV Tris -bu ffered  reconstructed reaction  
(Olsen, 1982, Olsen and Watson, 1982), as well as a 0.17 kb hairp in  specie, 
These species appeared shortly  a fte r  in it ia t io n  of DNA synthesis in the 
Tris -bu ffered  system. DNA transcrip ts  0 .4  kb and 0.17 kb were also de­
tected shortly  a fte r  in it ia t io n  of DNA synthesis in the phosphate-buffered 
system (F ig . 7 ) . No other plus DNA species greater than 0 .4  kb were de­
tected in the phosphate-buffered reconstructed reaction with cDNA^,.
Since the AMV LTR is 385 nucleotides in length (Rushlow e t a l . ,  1982), 
plus DNÂ qq may represent the plus DNA species thought to be involved in 
the second transcrip tional jump (F ig . 2 ) .  The results of Southern b lo t­
ting  of the DNA species synthesized in the phosphate-buffered system 
suggest th at plus DNA synthesis is  discontinuous since d iffe re n t species 
were detected with d iffe re n t probes. These three species of plus DNA 
were also detected in the T ris -bu ffered  reconstructed reaction (lane 3 ). 
Plus DNA greater than 0.4  kb was also not detected in the T ris -bu ffered  
system with cDNA^i.
Detection o f Other Sm all-Size DNA Species in the Phosphate-Buffered 
Reconstructed Reaction
In view of the considerable amount o f DNA contained in the secondary, 
sm all-s ize DNA class less than 0 ,5  kb in length (F ig . 13), th is  group
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was examined in fu rth e r d e ta il to  attempt to detect other species in 
addition to plus ONA^QQ. plus DNA3 0 0 * and the 0.17 kb species. The DNA 
products th a t had been synthesized in the phosphate-buffered reconstruct­
ed reaction were fractionated  by v e lo c ity  sedimentation centrifugation  
(F ig . 14). Fractions containing DNA less than 1.3 kb in length (fraction s  
20-25) were fractionated  in separate lanes on a 4.8% (w/v) polyacryl­
amide-7 M urea gel (F ig . 18). The resu lts  demonstrated the existence of 
several d iscrete DNA species w ith in  th is  class of smal1-size DNA. Of 
these species, three were o f plus p o la r ity ; plus DNA^qq (frac tion s  20-24), 
plus DNA3QQ (frac tio n s  21 -24 ), and an unknown species, x (frac tion s  22-25). 
Although not characterized fu rth e r , x , approximately 0.09 kb, has been 
detected previously in the T r is -buffered reconstructed reaction (Olsen, 
1982; Olsen and Watson, 1982). I t  was reported that x did not hybridize  
with 35S RNA, but n e ith er could x be detected using Southern b lo ttin g  
with cDNA^p, CDNA3 1 , or cDNAg?  ̂ probes. Other id e n tif ia b le  species 
included cDNAg?^(fractions 2 3 -2 5 ), and hairp in  DNA (frac tio n s  22-25).
In th is  gel system, which was only p a rtly  denaturing, hp DNA migrated 
with a size corresponding to  75-80 nucleotides although i t  was ac tua lly  
170-175 nucleotides in length. Hairpin DNA, x , and plus DNA^qq comprised 
the m ajority o f d iscrete  species less than 0.5  kb in length a fte r  2 hours 
of reverse tra n scrip tio n  in the phosphate-buffered system. In contrast, 
cDNAg?^and plus DNA^qq each represented less than 8 % of the DNA population 
less than 0 . 5  kb. Other minor species o f unknown p o la rity  were detected 
(fractions 23-25) which possibly represent immature elongation products 
of cDNAg?^or heterogenously-sized plus DNA.
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Fig. 18. Analysis o f the Small-Size DNA Species Synthesized in a Phos­
phate-Buffered Reconstructed Reaction. A lkali-hydrolyzed DNA synthe­
sized in a phosphate-buffered reconstructed reaction was fractionated  
on an a lk a lin e  5-20% (w /v) sucrose density gradient fo r 4 hr a t 54,000
rpm at 21 °C in a SW60 ro to r (F ig . 13). DNA-containing fractions less
than 1.3 kb in length (F ig . 13, frac tion s  20-25) were n eu tra lized , and 
precip itated  overnight in 70% (v /v ) ethanol a t -20 ®C as described in 
Methods. Following recovery by ce n trifu g a tio n , the samples were fra c ­
tionated in separate lanes on a 4.8% (w /v) polyacrylamide-7 M urea gel 
at 12 mA fo r 2 .8  h r, d rie d , and autoradiographed, (a) 5 '- [3 2 p ] -Hae I I I -  
4X-174 phage DNA markers; (b) fra c tio n  20; (c ) frac tio n  21; (d) fra c ­
tion 22; (e ) fra c tio n  23; ( f )  fra c tio n  24; (g) frac tion  25; (h) same as
(a ).
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Development o f a R e s tric tio n  Map o f the AMV Complex cDNA Transcrip ts
Synthesized in  a Phosphate-Buffered Reconstructed Reaction
A re s tr ic t io n  map o f the AMV complex based upon the cDNA tra n s c rip ts
synthesized in the phosphate-buffered reconstructed reaction  was developed
to demonstrate th a t the reconstructed reaction  was capable o f synthesis
of DNA biochem ically ind is ting u ishab le  from those found e ith e r  in in fected
c e lls  or in the endogenous reac tio n . A lso, re s tr ic t io n  mapping o f cDNA
tra n s c rip ts  could provide a means by which s p e c ific  cDNA probes could
be generated. Early attempts to  produce a re s tr ic t io n  map u t i l iz in g
cDNA'RNA hybrids (M alloy and Symons, 1980) were not successful. There-
32 3fore re s tr ic t io n  mapping was performed using [ P]-cDNA-[ H ]-p lus DNA 
duplexes as described in  Methods.
Synthesis o f Plus DNA Using cDNA as Template and SI Nuclease-Digested  
C a lf Thymus DNA as Primers
Second strand synthesis was required to provide double-stranded DNA 
(ds DNA) substrates fo r  re s tr ic t io n  mapping o f the cDNA tem plate. The 
reaction  conditions were optimized as described in Methods to  ensure th a t  
as many o f the cDNA tem plate re s tr ic t io n  s ite s  were converted in ds DNA 
as possible.
The highest y ie ld  o f plus DNA was achieved with 350 ug/ml c a lf  
thymus DNA prim ers, and allow ing the prim er-tem plate mixture to h y b ri­
d ize fo r  30 minutes p r io r  to addition  o f the re s tr ic t io n  endonuclease. 
Under these co n d ition s, ty p ica l y ie ld s  o f plus DNA ranged from 70% to  
g reater than 90% o f the amount o f a v a ila b le  cDNA template (mass ra tio s  o f 
0 .7  and g rea te r than 0 .9 , re s p e c tiv e ly ). The extent o f DNA synthesis  
due to c a l f  thymus DNA acting as both tem plate and primer was less than
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2% o f the to ta l amount of plus DNA synthesis.
A side reaction consistently observed was an apparent extension of 
the cDNA template both in the presence and absence of exogenous primers 
(F ig . 19). While not understood, the mechanism most l ik e ly  involved in 
cDNA template extension is  the formation of hairpins at the 3 '-end of 
the nascent cDNA template upon term ination of reverse tra n s crip tio n , 
allowing the cDNA tra n s c rip t to act as i ts  own template and primer.
Heating and quick-cooling of the tem piate-prim er mixture p rio r to hybrid­
ization  reduced the amount o f plus DNA synthesis by th is  mechanism from 
29% to less than 10% o f the to ta l amount o f plus synthesis (F ig . 19b).
R e la tive ly  short strands of plus DNA were observed with cDNA templates 
of various sizes. Use o f cDNA templates 3 .3 -3 .9  kb resulted in synthesis 
of plus DNA species 0 ,3 -2 .0  kb (mass ra t io  0 .85) (F ig . 19a,b ). Of in te r ­
est was the detection o f several d iscrete specie's o f plus DNA, s im ila r  
to cDNA transcrip ts  synthesized in the phosphate-buffered reconstructed 
reaction (F ig . 12). The size o f the plus DNA transcrip ts  synthesized on 
shorter cDNA templates o f 1 .1 -1 .4  kb and 0 .5 -0 ,7 5  kb were correspondingly 
shorter in s ize , approximately 0 .3 5 -0 .45  kb (F ig . 1 9 c -f) . In several 
experiments the y ie ld  o f plus DNA exceeded the amount of availab le  cDNA 
template, which suggested th a t synthesis o f plus DNA might involve strand 
displacement of p re -ex is tin g  plus DNA transcrip ts  hydrogen bonded to the 
cDNA template. Although not q u a n tifie d , plus DNA transcrip ts  were less 
resistant to SI nuclease digestion when the y ie ld  o f plus DNA was greater 
than 100% of the av a ilab le  amount o f cDNA tem plate, and re la t iv e ly  
insenstive to digestion when the percent y ie ld  was less than 90%. Ex­
cept for the extension o f cDNA tem plate, the plus DNA did not approach
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Fig. 19. Analysis of the Plus DNA Species Synthesized Using a Presized 
cDNA Template and SI Nuclease-Digested Calf Thymus DNA Primers. Unless 
otherwise specified, plus DNA was synthesized In 50 yl reaction mixtures 
which contained: 50 mM TrIs-HCl (pH 8 .1 ) ;  8 mM MgClo; 40 mM NaCl ; 10 mM 
DTT; 0.5 mM each of dATP, dGTP, and dTTP; 0.1 mM a-[32p]-dCTP (1800 
cpm/pmol); presized [3H]-cDNA template (1 .6 -2 .0  ng/yl); 0.35 yg/yl SI 
nuclease-digested c a lf thymus DNA primers; and saturating amounts of 
purified reverse transcriptase. The reactions were Incubated at 39 ®C 
for 90 mln, and purified as described In Methods. Samples were fraction­
ated on alkaline 1.2% (w/v) agarose gels for 22 hr at 45 volts (constant 
voltage), dried, and autoradiographed. Enhanced densitometer tracings of 
the resulting autoradiograms were made. Numerical values refer to the 
lengths (In kb) of 5 '-[3 2 P ]-H1nd I l l - digested X phage DNA markers and 5 '-  
[32p]-Hae I l l - dlqested *X-174 phage DNA markers. A - [3H]-cDNA template 
3.5 -3 .9 kb; B - [3h ]-cD N A  template 3 .3 -3 .7 kb; C - [32p]_cDNA template 1.0- 
1.5 kb, [3n]-plus DNA; D -  [3h ]-c D N A  template 1 .1 -1 .4  kb; E - [32p]-cDNA 
template 0 .5 -0 .7  kb, [3n]-plus DNA; F -  [3h ]-cD N A  template 0 .5 -0 .7  kb.
B-F were heated and quick-cooled as described In Methods p rio r to addition  
of enzyme.
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a size corresponding to  the length of the o rig in a l cDNA template.
Kpn I
Kpn I was the f i r s t  re s tr ic tio n  endonuclease observed to produce 
cleavage products o f the double-stranded DNA (F ig . 20,26). Digestion of 
duplex DNA of approximate length 3 .4 -5 .4  kb by Kpn I resulted in the 
appearance of a 2 .3 kb fragment (A) (F ig . 20a,b ). No other d is tin c t  
fragments were detected due to the heterogenous size o f the cDNA template.
In a second experiment, digestion of ds DNA 3 .9 -4 .7  kb in length yielded  
a s im ila r fragment (A) 2 .4  kb in s ize , as well as a heterogenously sized 
fragment (B) approximately 1 .9  kb (F ig . 20c,d. Fig. 26). In order to 
confirm the correct re s tr ic tio n  s ite  fo r  Kpn I on the cDNA template, 
digestion o f duplex DNA s lig h t ly  sm aller in length generated a 2.35 kb 
fragment (A) and a secondary fragment (B) approximately 1.7 kb (F ig . 2 0 e ,f) .  
The results o f these experiments suggested th at a single Kpn I re s tr ic ­
tion s ite  was located 2.35 kb from the 5 '-end o f the cDNA transcrip ts . 
Comparison with previously published maps (Bergmann e t a l . ,  1981; Baluda 
et a l . ,  1983) indicated th a t the MAV-1 genome also contained a single 
Kpn I re s tr ic tio n  s ite  located 2 .3  kb from the 5 ' -end of the cDNA tem­
plate (3 ‘ LTR).
Eco R1
Digestion of cDNAplus DNA duplexes of various lengths with the 
restric tion  endonuclease Eco R1 produced evidence fo r m ultip le Eco R1 
restric tion  s ites  located on the AMV complex cDNA transcrip ts  (F ig . 21,
26). Present in a l l  digests was a 1.27 kb fragment (A ), which suggested 
an Eco R1 re s tr ic tio n  s ite  was located 1.27 kb from the 5'-end of the 
cDNA transcripts (F ig . 2 1 ). Digestion o f large cDNA-plus DNA duplexes
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Fig. 20. R estric tion  Mapping o f Presized Duplex DNA With Kpn I .  Samples 
containing presized cDNA plus DNA duplexes synthesized as described in 
Methods were digested overnight a t 37 in 50 pi reaction mixtures which 
contained: 6 mM MgCl2 l 6 mM NaCl; 6 mM Tris-HCl (pH 7 .4 );  6 mM 3-mercapto- 
ethanol; 100 pg/ml c a lf  thymus DNA; and 9-18 units of Kpn I .  Following 
p u rifica tio n , the samples were fraction ated  on a lk a lin e  1.2% (w/v) agar­
ose gels at 50 vo lts  fo r 16-20 h rs , d rie d , and autoradiographed as des­
cribed in Methods. Enhanced densitometer tracings were made of the re­
sulting autoradiograms. Numerical values re fe r  to the lengths (in  kb) 
of 5V-[32p]-Hind I l l - digested X phage DNA markers and <j>X-174 phage DNA 
markers.
(a) 8.6 ng undigested duplex DNA (mass ra t io  0 ,29) 3 .4 -5 .4  kb avg size;
(b) same as (a) but digested w ith 9 units o f Kpn I ;  (c ) 7.5 ng undigested 
duplex DNA (mass ra t io  0 .54 ) 4 .0 -4 .6  kb avg s ize ; (d) same as (c) but 
digested with 18 units o f Kpn I ;  (e) 3 .3  ng undigested duplex DNA (mass 
ratio  0 .6 ) 3 .8 -4 .4  kb avg s ize ; ( f )  same as (e) but digested with 18 
units of Kpn X
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Fig, 21. R estric tion  Mapping o f Presized Duplex DNA With Eco R1. Sam­
ples containing presized duplex DNA were digested overnight a t 37 °C in  
50 pi reaction mixtures which contained: 100 mM Tris-HCl (pH 7 .5 );  50 mM 
NaCl; 5 mM MgClg; 100 pg/ml c a l f  thymus DNA; and 16 units o f Eco R1. 
Following p u r if ic a tio n , the samples were fractionated  on a lka lin e  1.2% 
(w/v) agarose gels fo r 16-20 hr a t 50 v o lts , d ried , and autoradiographed 
as described in Methods. Enhanced densitometer tracings of the resulting  
autoradiograms were made. Refer to  Fig. 20 fo r DNA marker lengths.
(a) 3.4 ng o f undigested duplex DNA (mass ra tio  0 .72) 4 .2 -5 .0  kb avg size;
(b) same as (a) but digested with Eco R1 ; (c ) 2 .8  ng of undigested duplex 
DNA (mass ra tio  0 .65) 4 .0 -5 .0  kb avg s ize ; (d) same as (c) but digested 
with Eco R1 ; (e) 3.9 ng o f undigested duplex DNA (mass ra tio  0 .59) 3 .1 - 
4.1 kb avg s ize ; ( f )  same as (e) but digested with Eco R1 ; (g) 3 .8  ng un­
digested duplex DNA 2 .8 -3 .4  kb avg size (mass ra tio  0.867; (h) same as 
(g) but digested with Eco R1.
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(F ig . 21a-d,26) also resulted in detection of two re s tr ic tio n  fragments 
3.9 kb (C) and 3.2  kb (B) in length which were not observed in digests of 
smaller duplexes (F ig . 21e-h). This suggested that these la t te r  re s tr ic ­
tion fragments were located in te rn a lly  with respect to the 5 ' -end of the 
cDMA tra n s crip ts . However, the summation of these three fragments exceeded 
the o rig inal sizes o f the control cDNA tra n s crip ts . In ad d ition , a minor 
re s tr ic tio n  fragment (D) 1.35 kb in length was detected in digests of 
smaller duplexes (F ig . 21e-h ), but not in la rg er duplexes (F ig . 21a-*d).
None o f these fragments appeared to  be the resu lt o f incomplete digestion  
as no one fragment was the summation of two or more smaller fragments.
I t  is o f in te re s t to  note th a t the 1.27 kb and 3.9  kb fragments corre­
sponded closely w ith the MAV-1 re s tr ic tio n  map (F ig . 4 ) ,  while the 1.35 
kb and 3.2 kb species were id en tica l to  those reported fo r AMV (Baluda 
et a l . ,  1983). The resu lts  o f these experiments suggested th at at least
two, and probably fo u r, Eco R1 re s tr ic tio n  s ites  are located in the 5 '-
half of genomic cDNA tran scrip ts  synthesized in the phosphate-buffered 
reconstructed reaction with AMV complex 35S RNA.
Bam HI
Digestion o f cDNA*plus DNA duplexes 1 .9 -3 .0  kb in length (F ig . 22) 
with the re s tr ic tio n  endonuclease Bam HI resulted in generation of a 
primary re s tr ic tio n  fragment (A) 1.86 kb in length, and heterogenously 
sized secondary re s tr ic t io n  fragments. The 1.86 kb fragment did not 
vary in size. Digestion o f duplex DNA o f average length 1.6 kb with 20
units of Bam HI resulted in no detectable change in the size of the duplex
DNA (Fig. 22g,h). The resu lts  of these experiments suggest a single 
Bam HI re s tr ic tio n  s ite  is  located 1.86 kb from the 5 ' -end of the cDNA
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Fig. 22. R estric tion  Mapping o f Presized Duplex DNA With Bam H I. Sam­
ples containing presized DNA duplexes were digested overnight at 37 °C 
in 50 yl reaction mixtures which contained: 150 mM NaCl; 6 mM Tris-HCl 
(pH 7 .9 ); 6 mM MgClp; 100 yg/ml c a lf  thymus DNA; and 20 units of Bam H I. 
Following p u r if ic a tio n , the samples were fractionated  on a lka lin e  1.2% 
(w/v) agarose gels a t 50 vo lts fo r  16-20 h r, d ried , and autoradiographed 
as described in Methods. Enhanced densitometer tracings of the resulting  
autoradiograms were made. Refer to  Fig. 20 fo r marker d e ta ils .
(a) 2.1 ng undigested duplex DNA (mass ra t io  0 .79) 2 .6 -2 .9  kb avg size ;
(b) same as (a) but digested w ith Bam HI ; (c ) 2.0 ng undigested duplex 
DNA (mass ra tio  0 .71) 2 .0 -2 .5  kb avg s ize ; (d) same as (c) but digested 
with Bam HI ; (e ) 1 .9  ng undigested DNA (mass ra tio  0 .9 ) 1 .7 -2 .1  kb avg 
size; ( f )  same as (e ) but digested w ith Bam H I; (g) 2.9 ng undigested 
duplex DNA (mass ra t io  0 .8 1 ) 1 .4 -1 .8  kb avg s ize ; (h) same as (g) but 
digested with Bam H I .
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template. Comparison to previously published re s tr ic tio n  maps of MAV-1 
Indicates th a t a Bam HI re s tr ic tio n  s ite  Is  located 1.86 kb from the 
5'-end o f the cDNA template (3 ‘ LTR) (Bergmann e t a l . ,  1981; Baluda et 
a l . ,  1983).
Hg1 Al
Digestion o f a cDNAplus DNA duplex o f average length 3.4 kb with 
Hgl A1 resulted In detection of three re s tr ic tio n  fragments (F ig . 23a,b). 
Although the summation of these fragments exceeded the o rig inal size of 
the duplex DNA by almost tw o -fo ld , the 3.2 kb fragment (A) may have rep­
resented the Incomplete digestion product of the 2 .6  kb (B) and the 0.51 
kb (C) fragments. Analysis of the digestion products of smaller duplexes 
(F ig. 23 c -f) revealed that the 0.51 kb fragment did not change In s ize , 
and the 2 .6  kb and 3 .2  kb fragments were not detected. These results  
provided evidence fo r a t le a s t two Hgl A1 re s tr ic tio n  s ites  located 3.2  
kb and 0.51 kb from the 5 '-end of the AMV complex cDNA transcrip ts . This 
re s tric tio n  endonuclease has not been used previously to map the AMV,
MAV-1 or MAV-2 genomes, th ere fo re , no comparison can be made. Because MAV-1 
Is the predominant species In the AMV complex (Bergmann e t a l . ,  1980), these 
sites detected are probably located on the MAV-1 cDNA transcrip ts  and 
possibly the 0.51 kb fragment Is  common to a l l  three species.
Hind I I I
Two Hind I I I  re s tr ic t io n  s ite s  on the cDNA template were detected 
(Fig. 24). R estric tio n  digestion o f duplex DNA of various lengths with 
Hind I I I  resulted In the detection o f a 1 .02-1 ,1  kb fragment (A) (F ig ,
24a-h). However, analysis o f the digestion products generated In two 
of these experiments resulted In the detection o f a second fragment (B)
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Fig. 23. R estric tion  Mapping of Presized Duplex DNA With Hqi A1. Sam­
ples containing presized duplex DNA were digested overnight a t 37 °C in  
50 yl reaction mixtures which contained: 200 mM NaCl; 10 mM Tris-HCl (pH 
8 .0 ); 10 mM MgClo; 10 mT̂ 3-mercaptoethanol ; 100 yg/ml c a lf  thymus DNA; 
and 20 units of Agi A l. Samples were fractionated  on a lka line  1.2% (w/v) 
agarose gels fo r 16-20 hr a t 50 v o lts , d ried , and autoradiographed as de­
scribed in Methods. Refer to Fig. 20 fo r explanation of DNA marker sizes
(a) 1.7 ng undigested duplex DNA (mass ra tio  0 .85) 3 .2 -3 .6  kb avg size;
(b) same as (a) but digested with Hqi A1 ; (c) 2.0 ng undigested duplex 
DNA (mass ra tio  0 .71) 1 .9 -2 .5  kb avg s ize ; (d) same as (c) but digested 
with Hqi A1 ; (e) 1.9 ng undigested duplex DNA (mass ra tio  0 .92) 1 .6 -2 .2  
kb avg size; ( f )  same as (e ) but digested with Hqi A1.
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Fig. 24, R estric tion  Mapping o f Presized Duplex DNA With Hind I I I . Sam­
ples containing presized DNA duplexes were digested overnight a t 37 ®C 
in 50 |il reaction mixtures which contained: 60 mM NaCl; 7 mM MgCl2; 7 mM 
Tris-HCl (pH 7 .5 ) ;  100 ug/ml c a lf  thymus DNA; and 20 units of Hind I I I . 
Following p u r if ic a t io n , samples were fractionated  on a lka line  1.2% (w/v) 
agarose gels at 50 vo lts  fo r  16-20 h r, d ried , and autoradiographed as 
described in Methods. Enhanced densitometer tracings of the resulting  
autoradiograms were made. Refer to Fig. 20 fo r explanation of markers.
(a) 1.6 ng undigested duplex DNA (mass ra t io  0 .85) 3 .2 -3 .8  kb avg size;
(b) same as (a) but digested w ith Hind I I I ; (c ) 2.1 ng undigested duplex 
DNA (mass ra tio  0 .79) 2 .6 -3 .0  kb avg s ize ; (d) same as (c) but digested 
with Hind I I I ; (e ) 2 .5  ng o f undigested duplex DNA (mass ra tio  0.77) 2.1- 
2.5 kb avg size ; ( f )  same as (e) but digested with Hind I I I ; (g) 4.2 ng 
undigested DNA duplex (mass ra t io  0 .54) 1 .6 -2 .1  kb avg s ize ; (h) same
as (g) but digested w ith  Hind I I I .
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0 .2 -0 .2 5  kb in length (F ig . 24d ,h). This fragment was not detected in 
digests of duplex DNA 3 .2 -3 .8  kb and 2 .1 -2 .5  kb (F ig . 2 4 b ,f) . The results  
of these experiments suggested th at there are two Hind I I I  re s tr ic tio n  
sites  near the 5 '-end o f the cONA transcrpts , with cleavage products of 
0.2 -0 .25  kb and 1,05 kb. Although the data did not suggest the order o f 
these two fragments, comparison with the MAV-1 re s tr ic tio n  map (F ig . 4) 
indicated th at there are two s ite s  located 0 .2  kb and 1.3 kb from the 
5'-end of the MAV-1 cDNA template (Baluda e t a l . ,  1983).
Xho I
Digestion o f cDNA-plus DNA duplexes 2.5 kb and la rger in length with 
Xho I resulted in detection o f re s tr ic t io n  fragments corresponding to  
lengths 0.47 kb (A ), 1.56 kb (B ), 2.1 kb (C ), and 1.72 kb (D) (F ig . 25a- 
d). The 1.72 kb fragment appeared as a shoulder o f the 1.56 kb fragment 
and the ra tio  o f the amounts o f the 1.56 kb and 1.72 kb species was 
approximately 2 :1 . Neither the 2.1 kb nor the 1.72 kb fragments were 
detected when duplexes sm aller than 2 .5  kb were digested with Xho I (F ig. 
2 5 e ,f). The 2.1 kb fragment may have been the re su lt o f incomplete 
digestion of duplex DNA. Comparison with previously published maps of 
MAV-1 (Bergmann e t a l . ,  1981; Baluda e t a l . ,  1983) indicated that the 
MAV-1 genome contains Xho I  re s tr ic t io n  s ites  located 2.1 kb and 0.47 kb 
from the 5 '-end of the cDNA template (F ig . 4 ) .  Conversely, the 1.72 kb 
fragment did not match e ith e r  the known MAV-1 or AMV re s tr ic tio n  maps 
(Baluda e t a l . ,  1983). Mapping data fo r MAV-2 is  incomplete, however, 
and th is fragment may represent a re s tr ic t io n  s ite  located e ith e r 1.72 kb 
or 2.3 kb from the 5 '-end of the MAV-2 cDNA template. The AMV genome 
also contains a s ingle re s tr ic t io n  s ite  sp e c ific  fo r Xho I located 0.47 kb
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Fig. 25. R estric tion  Mapping o f Presized Duplex DNA With Xho I .  Samples 
containing presized duplex DNA were digested overnight a t 37 ®C in 50 pi 
reaction mixtures which contained: 150 mM NaCl; 6 mM Tris-HCl (pH 7 .9 );
6 mM MgClo; 6 mM g-mercaptoethanol; 100 pg/ml c a lf  thymus DNA; and 20 
units of Xho I .  Following p u r if ic a t io n , the samples were fractionated on 
alkaline 1.2% (w /v) agarose gels fo r 16-20 h r, d ried , and autoradiographed 
as described in Methods. Enhanced densitometer tracings o f the resulting  
autoradiograms were made. Refer to Fig. 20 fo r explanation o f DNA marker 
sizes.
(a) 1.9 ng of undigested duplex DNA (mass ra tio  0 .86) 3 .3 -3 .7  kb avg size;
(b) same as (a) but digested w ith Xho I  ; (c ) 3.2 ng o f undigested duplex 
DNA (mass ra tio  0 .69) 2 .5 -3 .1  kb avg s ize ; (d) same as (c) but digested 
with Xho I ;  (e) 5 .5  ng o f undigested duplex DNA (mass ra tio  0.55) 2 .0 -2 .4  
kb avg size; ( f )  same as (e ) but digested with Xho I .
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Fig. 26. R estric tion  Mapping o f Presized cDNA-Plus DNA Duplexes With 
Various R estric tion  Endonucleases. Autoradiograms of selected re s tr ic ­
tion digests of presized duplex DNA were taken. Refer to Fig. 20-21 
fo r the reaction conditions. Lanes 1 ,8 ,9  -  5 '- [3 2 p ] -Hind I l l - digested 
X phage DNA markers; lane 2 -  Fig. 21a; lane 3 -  Fig. 21b; lane 4 -  
Fig. 21c; lane 5 -  F ig . 21d; lane 6 -  Fig. 20c; lane 7 -  Fig. 20d; 
lane 10 -  5 '-[^^P]-H ae Il l-d ig e s te d  *X-174 phage DNA markers; lane 11 -  
Fig. 21e; lane 12 -  Fig. 21d.
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from the 5 '-end of the AMV cDNA tra n s c rip ts , but does not contain any 
a d d itio n a l, known Xho I  re s tr ic tio n  s ites  in the 5 '-h a lf  of the AMV 
cDNA tem plate. ^
The resu lts  o f the mapping studies are summarized in Table 6 and 
also presented in  the form of a map (F ig . 27). Except fo r the Xho I 
1.72 kb fragment, the mapping resu lts  obtained using cDNA transcrip ts  
synthesized in the phosphate-buffered reconstructed reaction are e ith e r  
in close or exact agreement w ith previously published maps of MAV-1,
MAV-2, and AMV (Bergmann e t a l . ,  1980,1981; Baluda e t a l . ,  1983). This 
suggests th a t the cDNA products synthesized in the phosphate-buffered 
reconstructed reaction are closely re la ted  biochemically to those species 
found in vivo and in the endogenous reaction . Furthermore, the results  
of these studies demonstrate a potentia l method by which specific  cDNA 
sequences can be generated fo r possible use as cONA probes.
Detection of the Second Long Terminal Redundancy (LTR)
The question o f whether the second LTR (S' LTR) is  present is  genomic 
cDNA transcrip ts  synthesized in the phosphate-buffered reconstructed 
reaction was addressed. Although the second LTR has not been detected 
in e ith er the AMV endogenous or reconstructed reactions (unpublished 
observations), the Moloney murine leukemia virus endogenous reaction has 
been shown to  be capable o f supporting synthesis o f the second LTR via  
a putative second tra n s crip tio n a l jump (Gilboa e t a l . ,  1979). Three 
requirements must be met to  demonstrate the presence or absence of the 
second LTR in genomic cDNA tra n s crip ts  by Southern b lo ttin g ; adequate 
amounts of genomic cDNA, an e f f ic ie n t  method o f distinguishing between 
both LTRs, and a LTR-specific probe.
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Table 6. Summary o f  Results from  R e s tr ic t io n  Mapping o f  cDNA T ra n sc rip ts
Synthesized in  a Phosphate-Buffered Reconstructed Reaction.
Restriction Average
Endonuclease cONA Template Size (kb) Cleavage Products (kb)
Bam HI 2 .6 + 0 . 3  1 . 8 5 , 0 . 6 - 1 . 0
2.2 + 0 . 2 5  1.86, less than 0.6
1.9 + 0 . 2  1.86
1.6  ^  0.25 -  -  -
Eco R1 4 . 6 + 0 . 4  1 .27 , 3 .85 . 3.2
4 .5  + 0 .5  1 .3 ,  3 .9 ,  2 .9 -3 .2
3 .6  + 0 . 5  1 .2 7 . 1 .34, 2 .0 -2 .3
3.1 + 0 .2  1.27,  1.35,  1 .7 -2 .0
HgiAl 3 .4  + 0 . 2  3 .2 . 2 .6 . 0.51
2 . 2 + 0 . 2 5  1 .6 -1 .8 . 0.51
1 . 9 + 0 . 2 5  1 .3 -1 .4 . 0.54
Hind I I I  3 .5  + 0 . 3  1 .05 . 1 .9 -2 .3
2 .8  + 0 .2  1 .05 . 0 .2 -0 .2 5 . 1 .3 -1 .9
2 .3  + 0 .15 1 .1 .  1 .1 -1 .3
1.8  + 0 . 2 5  1 .02 , 0 .2 -0 .25
Kpn I  4 .4  + 1 . 0  2 .3
4.3 + 0.25 2.4 .  1 .7 -2 .1
4.1 + 0 .3  2 .35 . 1 .7 -1 .85
Xho I  3 .5  + 0 . 2  1 .56 . 0 .4 7 . 2 .1 . 1.72
2.8 + 0 . 3  1 .56 . 0 .47 . 2.1 ,  1.72
2 .2  + 0 .25 1 .5 6 . 0.46
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Fig. 27. Restriction Map of the AMV Complex Genome. Refer to 
fragments generated in the restriction mapping experiments, 
sites mapped.
A. Restriction map based on total cDNA transcripts.
B. Restriction map based on the MAV-1 cDNA genome
C. Restriction map based on the AMV cDNA genome.
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Synthesis o f cDNA was performed as described in Methods in two
separate reactions (1.0 ml and 0.75 ml) using the optimized phosphate-
buffered reaction conditions, except that [^H]-dCTP was substituted fo r 
32ot-[ P]-dCTP. The incubation time was increased to 2.5 hr to maximize 
synthesis o f genomic DNA, with to ta l y ie lds  o f 1.31 and 0.99 U9 of acid 
insoluble nucleic acid . Analysis o f the sizes of the DNA products by 
sedimentation ve lo c ity  cen trifugation  revealed a re la t iv e ly  poor y ie ld  
of cDNA greater than 5 .0  kb in length (4.4% and 7.9% of the to ta l DNA 
products synthesized), as well as an increased amount o f DNA species 
0 .5 -2 .5  kb in length (F ig . 28a). cDNA greater than 5 kb was pooled, 
and a small a liq u o t was fractionated  on an a lka lin e  0.7% (w/v) agarose 
gel (F ig . 28b). Examination o f the size of the pooled cDNA indicated that 
90% was greater than 5 kb, w ith the remaining 10% greater than 4 .0 -4 .4  
kb. Of th is  amount o f cDNA greater than 5 kb, less than 20-25% were 
probably a t or near genomic-length.
Synthesis o f the plus strand was performed es sen tia lly  as described 
in Methods, except th a t the reaction was allowed to incubate fo r 2 hours 
instead o f 90 minutes. The extent of plus DNA synthesis was 55% of the 
mass of the ava ilab le  cDNA template (26.5 ng plus DNA).
The source fo r  the LTR-specific probe was AMV 8-1OS poly(A )* RNA.
Plus DNÂ qq was not used because i t  was not availab le  in s u ffic ie n t  
quantities. Following end lab e ling  a t i ts  5 '-ends with y-[^^P]-ATP, the 
RNA probe was analyzed on a 4.8% (w/v) polyacrylamide-7 M urea gel (F ig . 
29a). The results demonstrated th at the probe was heterogenous in s ize , 
and ranged from less than 50 nucleotides to greater than 500. To ensure 
the s p e c ific ity  o f the probe, i t  was fractionated  by sedimentation
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Fig. 28, Selection o f Genomic cDNA Transcripts fo r Detection of the 
Second LTR. The [3H]-DNA products synthesized in the optimized phosphate- 
buffered reconstructed reaction ( r e f .  Fig. 12) were a lka li-hydro lyzed , 
and p urified  as described in Methods. The sample was fractionated by 
velocity sedimentation cen trifugation  (F ig . 28a) on a lka lin e  5-20% (w/v) 
sucrose density gradients as described in Methods. DNA greater than 5.0  
kb in length (frac tio n s  9-13) were pooled, n eu tra lized , and precip itated  
with ethanol. A small a liqu o t was fractionated  on an a lk a lin e  0.7% (w/v)  
agarose gel fo r  5 hr a t 25 vo lts (constant voltage) to determine the size  
of the pooled cDNA (F ig . 28b). The gel was sliced  and each s lice  dissolved 
in 3 ml of Aquasol I I .  The numerical values re fe r to the lengths (in  kb) 
of 5 '-[3 Z p ]-Hind I l l - digested X phage DNA markers.
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Fig. 29. Analysis o f the Size o f the Sub 8-lOS RNA Probe Specific fo r 
the LTR. A small a liq u o t o f the S '-[3 2 p ]-la b e le d  sub 8-lOS poly(A)+ RNA 
probe was fractionated  on a 4.8% (w/v) polyacrylamide-7 M urea gel at 
150 mA (constant curren t) fo r 2 .8  hr as described in Methods (F ig . 29a). 
The remainder o f the labeled sub 8-1 OS RNA probe (20 pg) was centrifuged  
on a 4.4 ml 10-30% (v /v )  glycerol gradient fo r 24 hr a t 54,000 rpm at 
20 °C. The leading fractions (fro n t slope o f the sub 8-lOS RNA peak) 
were pooled, and p rec ip ita ted  with ethanol a t -20 ®C. A small aliquot 
the p urified  probe was fractionated  on a 4.8% (w/v) polyacrylamide-7 M 
urea gel (F ig . 29b) at 150 mA (constant current) fo r 2 .8  hr. The gels 
were dried , autoradiographed, and densitometer tracings of the resulting  
autoradiograms were made. The numerical values re fe r to the lengths (in  
kb) of 5 '-[32p]-H ae Ill-d ig e s te d  4>X-174 phage DNA markers.
o f
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ve loc ity  cen trifugation  as described in Methods, and fractions containing 
32[ P ]-labeled  RNA greater than 0 .25-0 .3  kb in length was pooled. Size 
analysis o f the pooled RNA probe indicated that its  length was 0 .3 -0 .5  kb 
(F ig . 29b).
The re s tr ic tio n  endonuclease Kpn I has only one re s tr ic tio n  s ite  
located 2.35 kb from the 5 '-end o f the cDNA template (F ig . 27). There- 
fo re , Kpn I  was chosen to d igest the [ H ]-labeled cDNA'plus DNA duplex.
Digestion was performed as described previously. As a con tro l, 1.65 pg
32of 5 ' - [  P ]-Hind I l l - digested X phage DNA markers were also digested with  
Kpn I in a p a ra lle l reaction in the presence of 5 pg c a lf  thymus DNA. 
Analysis o f the control digestion products by a lk a lin e  agarose gel e lec ­
trophoresis revealed that in addition to the expected Hind I I I  re s tr ic tio n  
fragments, an additional 4 .6 kb fragment was detected which was the resu lt 
of Kpn X  digestion o f the Hind I I I  23.1 kb fragment. The extent o f Kpn I_
3
digestion o f the [ H ]-labeled  duplex DNA could not be estimated.
The Kpn I-d iqested  cDNA plus DNA duplexes (14.3 ng) were analyzed by
32the technique of Southern b lo ttin g  in  conjunction with the [ P ]-labeled  
RNA probe (F ig . 30). P rio r to electrophoresis, 20 ng o f [^H]-cDNA (940 
cpm/pmol) estimated to be 2 .5 -4 .0  kb in length was added to  the digested 
duplex DNA to serve as an in te rn a l, LTR-specific reference. As additional 
controls, 115 ng o f LTR-containing cDNA less than 3.0 kb in length that 
had been synthesized in the phosphate-buffered reconstructed reaction, 
and 1.4 ng o f undigested [^H ]-labeled  cDNA'plus DNA duplexes (5 .0 -8 .0  kb) 
were fractionated in  separate lanes. Analysis o f the resu lting  auto­
radiogram revealed several in te re s tin g  features (F ig . 30). There is  
evidence fo r the tra n s fe r and subsequent detection o f both the digested
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Fig. 30. Detection o f LTR-Containing cDNA Transcripts Synthesized in a 
Phosphate-Buffered Reconstructed Reaction by Southern B lotting  in Con­
junction With R estric tion  Digestion by Kpn I .  Genomic-length cDNA that 
had been converted in to  duplex DNA (mass ra tio  0.55) and digested over­
night with 16 units o f Kpn I ,  was fractionated  on an a lk a lin e  1.2% (w/v) 
agarose gel at 40 vo lts  (constant voltage) fo r 17 hr. The DNA-containing 
gel was blotted to DBM-paper fo r 24 hr as described in Methods, and hy­
bridized with 5 '-[3 2p ]_ ia b e le d  sub 8-lOS poly(A)+ RNA fo r 18 hr. The 
resulting b lo t was d ried , and subjected to autoradiography as described 
in Methods. Lengths (in  kb) re fe r  to the re la tiv e  positions o f 5' - [32p]_  
Hind Ill-d ig e s te d  A phage DNA markers.
Lane 1 - 115 ng o f control LTR-containing cDNA 3.0 kb and less in length, 
and 5 pg c a l f  thymus DNA. .
Lane 2 -  1.4 ng o f undigested [  H]-cDNA-plus DNA duplexes (5 .0 -8 .0  kb),
5 pg c a lf  thymus DNA, and 15 pg c a l f  thymus DNA primers.
Lane 3 - 14.3 ng o f Kpn I-d iqested  [3h ] - cDNA-pi us DNA duplexes, 20 ng 
in ternal reference LTR-containing cDNA (1 .8 -4 .0  kb),  5 pg Kpn I -  
digested c a l f  thymus DNA, and 15 pg c a l f  thymus DNA primers.
no
[^H ]-labeled  cDNA-plus DNA duplexes and the in ternal reference cDNA (lane 
3 ). DNA corresponding to  the o rig inal size o f the duplex DNA (A) as well 
as minor amounts o f the 2.35 kb Kpn I re s tr ic tio n  fragment (B) is detect­
able. There was no s p e c ific  DNA fragment in the 5.5 kb range which would 
indicate the presence o f the second LTR. This in te rp re ta tion  is due in 
part to the detection o f the heterogenously-sized duplex DNA (5 .0 -8 .0  kb) 
in th is  region which contains the f i r s t  copy of the LTR, I f  genomic- 
length DNA containing the second LTR is  ac tua lly  present, then i t  is  
indistinguishable from those transcrip ts  containing the f i r s t  LTR. The 
in ternal reference DNA was also detected. The size range was more 
heterogenous than expected, approximately 1 .8-4.0 kb. Therefore, the 
2.35 kb Kpn I re s tr ic tio n  fragment is  p a r t ia lly  overlapped by the in te r ­
nal reference cDNA. The undigested control duplex DNA (lane 2) is  barely 
detectable. This was due in part to the low level of material present.
In contrast, the LTR-containing cDNA less than 3.0 kb in length was easi­
ly detectable (lane 1 ). No other DNA species were detected with the sub 
8-1 OS RNA probe. The fa ilu re  o f the probe to detect e ith e r the c a lf  thy­
mus DNA c a rr ie r  used in re s tr ic t io n  d igestion , or the DNA primers used 
in second strand synthesis, demonstrated the probes s p e c ific ity  although 
these DNA samples were present in a l l  three lanes in pg q u an tities .
The tran s fer step was not e n tire ly  e f f ic ie n t ,  as evidenced by the 
behavior o f the 5 ' - [  P ]-Hind I l l - digested X phage DNA markers. A suc­
cessive decrease in the e ffic ie n c y  of tra n s fe r of the DNA markers was 
observed as the lengths o f the marker fragments increased. As a re s u lt,  
the 4 .4  kb and 6 .6  kb fragments appeared to decrease in in te n s ity , 
and the 9.4 kb fragment was barely d iscern ib le . Whether th is  phenomena
m
was due to  in e ffic ie n c y  o f tra n s fe r o f large molecular weight DNA or to 
ir re g u la r it ie s  in  the b lo ttin g  procedure is  not known. I t  is apparent, 
however, th a t the amount of detectable duplex DNA greater than 5.0 kb 
transferred  to the b lo t was much less than the amount of the 2.35 kb 
Kpn I fragment (lane 3 ) ,  even i f  allowance is made fo r the amount of 
in ternal reference cDNA present in lane 3. Although LTR-containing cDNA 
in the 5 .0 -6 .0  kb range was detected by the labeled RNA probe, i t  cannot 
be concluded whether these transcrip ts  contained the second LTR. The 
uncertainties in  digestion by Kpn I  suggest th a t much of these species 
could represent undigested cDNA greater than 5.0 kb in length which con­
ta in  only the f i r s t  copy o f the LTR.
CHAPTER 4 
DISCUSSION
The reconstructed reaction was used as a vehicle to fu rther docu­
ment the process o f reverse tra n scrip tio n . An e a r l ie r  study of the AMV 
reconstructed reaction (Olsen, 1982) focused on the biochemistry of re ­
verse transcrip tion  at the 3 *-end o f the 35S RNA genome. While some of 
the data from the present study confirms some of these find ings, the 
major in ten t in these studies was to extend the previous work. A new 
buffering system fo r more e f f ic ie n t  reverse transcrip tion  is described, 
including an investigation  o f i ts  e ffec ts  on the cDNA synthesis following  
the f i r s t  transcrip tion a l jump. Comparison with the Tris-buffered  system 
demonstrated th a t the phosphate-buffered system can support synthesis of 
identical DNA species of both minus and plus p o la r ity , and that genomic- 
length cDNA is synthesized a t a fa s te r rate  and in larger q uantities .
The cDNA transcrip ts  synthesized in the phosphate buffered reconstructed 
reaction were analyzed by re s tr ic t io n  mapping using a d ire c t approach 
based upon the various lengths o f the cDNA tran scrip ts . This method of 
mapping could be extended to generate specific  cDNA probes designed to 
investigate the mechanism o f plus DNA synthesis. Furthermore, the re ­
sults of th is  study suggest that the basic machinery fo r reverse trans­
crip tion  is  present w ith in  the reconstructed system, and that purified  
reverse transcriptase is  capable o f synthesis of DNA indistinguishable  
from those species found e a rly  in infected c e l ls .  Use of a reconstructed 
system to study re tro v iru s  re p lic a tio n  is  useful in that the effects  on
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reverse tran scrip tio n  due to a single component or fac tor can be examined. 
A log ica l extension of these studies would be investigation o f p u rifie d , 
a n c illa ry  factors on the process of reverse transcrip tion  which are be­
lieved to  play an as yet undefined ro le in re tro v ira l rep lica tio n . 
Optimization of the Reconstructed Reaction in Phosphate Buffer
A key c r i te r ia  fo r characterization  of cDNA synthesis was synthesis 
of genomic-length cDNA. To achieve th is , a new buffer system was inves­
tigated  and reaction components were varied to determine the conditions 
established fo r optimum sysnthesis o f genomic-length cDNA.
Potassium Phosphate as Buffer -  A major discovery was that under cer­
ta in  conditions, potassium phosphate (pH 8.0)  appears to be a b etter  
buffer fo r DNA synthesis than Tris-H C l. Potassium phosphate was tested 
as a b u ffe r since our stocks o f reverse transcriptase were stably stored 
in 150 mM potassium phosphate (pH 8 . 0 ) .  In comparison with the standard 
buffer rou tine ly  employed in reverse tra n s c rip tio n , 50 mM Tris-HCl (pH 
8 .1 ) ,  reactions incubated in 50 mM potassium phosphate (pH 8.0)  resulted  
in greater amounts o f genomic-length DNA (F ig . 12),  a fas ter rate of DNA 
synthesis (F ig . 6 ) ,  higher y ie ld s  o f sm all-sized DNA, much of which is of 
plus p o la rity  (F ig . 15 and 16) ,  and reduced levels o f hairp in  DNA (Fig.
17 and 18). The presence of 50 mM potassium phosphate (pH 8.0)  may aid 
in elongation o f cDNA follow ing the f i r s t  transcrip tional jump, as a fte r  
2 hours o f incubation, only minor amounts of cDNA^?  ̂ were detectable 
(Fig. 18). The net increase of DNA synthesis a fte r  2 hours of incubation 
varied on the average from 10% to 25% greater than th at observed fo r the 
Tris-buffered  system.
Just why potassium phosphate was a b e tte r bu ffer than Tris-HCl is
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not known. Reverse transcriptase is re la t iv e ly  stable fo r years when 
stored a t -20 in 50% (v/v)  g lycero l, 10 mM DTT, and 150 mM potassium 
phosphate (pH 8 . 0 ) .  This is not the case when Tris-HCl is substituted  
fo r potassium phosphate. The presence o f potassium phosphate may help 
to s ta b iliz e  the reverse transcriptase by in h ib itio n  o f phosphatases 
which could dephosphorylate and inactiva te  the enzyme (Tsiapalis e t a l . ,  
1976, unpublished resu lts  o f Wolkowicz, 1984). Indeed, p u rified  reverse 
transcrip tase, e ith e r  in  the phosphorylated or dephosphorylated form, 
when stored in the absence o f potassium phosphate at -20 ®C, loses a c tiv ­
i ty  a t a f a i r ly  rapid ra te  (Ts iapalis  e t a l . ,  1976; unpublished resu lts) . 
Phosphate has reportedly been used as a buffer in the oligo(dT)-primed  
reaction with less success than with Tris-HCl (Retzel e t a l . ,  1980), Fur­
thermore, i t  was also reported th at a t physiological concentrations of 
phosphate ion, elongation o f cDNA was in h ib ited . Although a s im ila r  
in h ib itio n  o f genomic DNA synthesis was seen when the phosphate concen­
tra tio n  was increased to 78 mM (F ig . 9 ) ,  th is  report is d i f f ic u l t  to  
analyze since no d e ta ils  o f reaction conditions were given, such as the 
type o f phosphate s a l t ,  pH, or concentration. However, optimal condi­
tions fo r the tRNA^^^-primed reaction might very well d if fe r  from the 
oligo(dT)-primed reaction because o f the requirement fo r a tran scrip tio n ­
al jump in the former. Nevertheless, potassium phosphate may be a viable  
a lte rn ative  as a b u ffe r fo r  RNA-directed DNA synthesis.
E ffect of 35S RNA Concentration
Early studies o f reconstructed reactions used high concentrations of 
35S RNA template (g rea te r than 200 yg/ml ) and oligo(dT) primers fo r syn­
thesis o f genomic DNA (Kacian and Myers, 1976; Myers e t a l . ,  1977). La-
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te r  studies o f reconstructed reactions u t i l i z i n g  e ith e r the o lig o (d T )- 
primed reaction (Retzel e t a l . ,  1980) or the tRNAJ^P-primed reconstructed 
reaction(Schulz e t a l . ,  1981, Olsen, 1982) employed lower concentrations 
of AMV 353 RNA (4 pg/m l, lO pg /m l ,  and 25 pg /m l, resp ective ly ). The 
finding th at a 353 RNA concentration o f 20 yg/ral (Table 1, Fig. 8b) re ­
sulted in re la t iv e ly  high y ie lds o f genomic DNA agrees closely with the 
la s t two studies. Although lower concentrations of 353 RNA resulted in a 
higher percentage o f template transcribed (0.07 ng DNA/ng RNA), the to ta l 
amount o f DNA synthesized was not s u ffic ie n t fo r fu rther experimentation. 
Varying the RNA concentration from 5-20 yg/ml did not s ig n ific a n tly  change 
the size d is tr ib u tio n  o f the DNA synthesized. The finding that high RNA 
concentrations o f 41 yg/ml resulted in both a decrease in the to ta l y ie ld  
of DNA as well as the expected decrease in e ffic ien cy  may be best ex­
plained by the lim itin g  amount o f reverse transcriptase in the reaction  
mixture. Therefore, the concentration o f 353 RNA in the phosphate-buf­
fered reconstructed reaction was maintained a t 20 yg/ml to ensure a favor­
able enzyme: template ra t io .
E ffect o f Cations
Not su rp ris in g ly , the concentration o f cations in the reconstructed 
reaction influenced both the s ize  of the DNA transcrip ts as well as the 
to ta l amount o f DNA synthesized. The optimal amount of MgClg fo r genomic 
length DNA synthesis was found to be 5-6 mM at a concentration of 0.63 
mM 4 dNTP (Fig.  8b ). This concentration also resulted in the highest 
yie ld  of DNA (Table 2 ) .  3 im ila r resu lts  were reported by Olsen (1982) 
in the T ris -buffered  reconstructed reac tio n , but in contrast to another 
study (3chulz e t a l . ,  1981) which u t il iz e d  a MgClg concentration of 10
116
mM. Studies o f the AMV 35S RNA*oilgo(dT)-primed reaction reported that 
a concentration o f 3 mM MgClg resulted In synthesis of large DNA trans­
crip ts  (Myers e t a l . ,  1977). Concentrations greater or less than 5-6 mM 
of MgCl2 in the phosphate-buffered reconstructed reaction c le a rly  Inh ib ited  
genomic DNA synthesis (F ig . 8 ) . The optimum MgClg concentration may be 
affected by the concentration o f the deoxynucleoside triphosphates (dNTPs) 
In the reaction mixtures. This suggestion Is supported by the high con­
centration o f each dNTP (0.5 mM) used when a correspondingly high concen­
tra tio n  of MgClg (10 mM) was employed (Schulz e t a l . ,  1981). Comparison 
with the work o f Olsen (1982) Indicates that the phosphate-buffered sys­
tem Is  more sensitive  to  the e ffe c ts  o f MgClg than Is  the Tris-HCl sys­
tem. This phenomena may be due In part to the formation of insoluble 
magnesium-phosphate complexes which could remove Mg** from the solution.
In support of th is  contention, extremely low levels o f DNA greater than 
3.0 kb were synthesized In a phosphate-buffered reconstructed reaction  
containing 12 mM MgCl2 (F ig . 8d). Furthermore, I t  was noted that addition  
of MgCl2 d ire c tly  to undiluted phosphate buffer resulted In the immediate 
formation o f a white c ry s ta llin e  p rece lp lta te . This could be avoided by 
adding the MgCl2  las t  to  the reaction m ixture, when the potassium phos­
phate buffer has been d ilu te d .
The finding th a t 150 mM Na*-K* resulted In maximal amounts of gen­
omic DNA in the phosphate-buffered reaction (Fig,  10) Is Identica l to pre­
vious studies u t i l iz in g  e ith e r  the T ris -b u ffe red  tRNA^^P-prlmed (Olsen, 
1982) or the oligo(dT)-prim ed (Retzel e t a l . ,  1980) reconstructed reac­
tions. This concentration also resulted In the highest y ie ld  of DNA, 
which Is  in contrast to  the work o f Olsen (1982) who reported that con-
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centrations o f 74-100 mM Na*-K* gave the greatest amount of DNA, a lb e it  
of subgenomic length. The phosphate-buffered reaction was not as sensi­
t iv e  to minor fluctuations in monovalent cation concentration as was the 
Tris-buffered  reaction (Retzel e t a l . ,  1980; Olsen, 1982). I t  is o f in ­
te res t to note th a t the physiological concentration o f Na*-K* is approx­
imately 150 mM.
Effects of Temperature and Substrate R adioactivity on the Phosphate- 
Buffered Reconstructed Reaction
Other factors such as deoxyribonucleoside triphosphate (dNTP), con­
centration , temperature, and specific  a c t iv ity  o f the radio-labeled dNTP 
most l ik e ly  also play a ro le  in e f f ic ie n t  reverse transcrip tion  in a re ­
constructed system.
The optimum temperature fo r incubation of the reconstructed reaction  
was 39 °C (Table 4 ) .  Incubation a t 37 °C resulted in a 8% decrease in 
DNA synthesis, s im ila r to  the 2% decrease observed by Olsen (1982). At 
temperatures lower than 37 °C, the decrease in DNA synthesis was more 
dramatic. At 34 ^C, the ra te  f e l l  to 70% o f the amount observed a t 39 ®C. 
S im ila rly , increasing the temperature of incubation beyond 41 °C also de­
creased the y ie ld  o f DNA. These resu lts  agree with other studies involv­
ing the AMV tRNA ^^P-primed or oligo(dT)-prim ed reaction (Retzel e t a l . ,  
1980; Olsen, 1982).
Varying the concentration o f labeled dCTP from 0.03 mM to 0.1 mM 
also had l i t t l e  e ffe c t on the size o f the DNA transcrip ts  or the overall 
y ie ld , which is  in agreement w ith previous work (Olsen, 1982). Decreasing 
the concentration o f dCTP to 7 .5  yM inh ib ited  the synthesis of genomic 
DNA, an e ffe c t which has been reported previously in the AMV oligoCdT).-
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primed reaction (C o lle tt  and Faras,1977; Retzel et a l . ,  1980). The la t te r  
study also reported that concentrations o f the four dNTPs of 1 mM each 
also Inh ib ited  genomic DNA synthesis In an o l1go(dT)-primed reaction. 
However, In the present study, as well as an e a r lie r  study (Olsen, 1982), 
no such In h ib itio n  was observed In the tRNAT^^-prlmed reconstructed re ­
action.
The primary e ffe c t  o f high specific  a c t iv ity  (2000-4000 mCl/mmol) o f 
a-[^^P]-dCTP was a decrease In the to ta l amount of DNA synthesis (Table
5 ). No s ig n ific a n t change In the d is trib u tio n  o f the DNA population was
32apparent when fresh ly  prepared a - [  P]-dCTP was used (Fig.  11).  Since 
32[ P] Is  a strong beta e m itte r, the resu ltan t energy due to radioactive  
decay Is  quite Intense, and might d ire c tly  a ffe c t the reverse tra n s c rip t­
ase by an unknown mechanism. The a b i l i t y  of the enzyme to elongate cDNA 
In the presence of a-[^^P]-dCTP o f high sp ec ific  a c tiv ity  did not seem 
to be Impaired. The observed decrease In DNA synthesis was analogous to 
use of a more d ilu te  concentration o f reverse transclptase. The enzyme 
did not appear to be Irre v e rs ib ly  damaged or modified since a decrease In 
the percent o f genomic DNA might be expected I f  th is  was the case. Re- 
actions Incubated In the presence o f high specific  a c t iv ity  [ H]-dCTP
did not show a s im ila r e f fe c t ,  and no decrease in DNA synthesis was no-
32ted (F ig . 11).  The p o s s ib ility  that the a - [  P]-dCTP preparations con­
tained contaminants In h ib ito ry  to reverse transcrip tion  cannot be com­
p le te ly  ruled out, although when the sp ec ific  a c t iv ity  was decreased to 
1000 mCl/mmol (2000 cpm/pmol ) no decrease In DNA synthesis was evident. 
Although not performed, detection o f contaminants could be done via high 
pressure liq u id  chromatography (HPLC) with an anion-exchange mlcropar-
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t1 cu late s i l ic a  m atrix , or even by th in  layer chromatography.
Genomic DNA synthesis as well as the to ta l y ie ld  o f DNA was inh ib -
32ited  by use of a [ P] preparations th at had undergone more than one h a lf-  
l i f e  o f decay (Table 5 , Fig. 11) .  Under normal storage conditions (-20  
in  50% (v/v)  e th an o l), radiochemical im purities may be generated a t  
the ra te  o f 5% per week. The h a l f - l i f e  o f [^^P] is  short (t-|^2 “^^-^ 
days) and the decayed product resembles dCTP except that the phosphate in 
the opposition is  modified to su lfa te . This dCTP analogue could in h ib it  
RNA-directed DNA synthesis in  several ways. F irs t ,  the dCTP analogue 
could bind to  the c a ta ly tic  s ite ,  possibly in a reversib le manner. Sec­
ond, the dCTP analogue could be inserted in  the growing strand o f DNA.
I f  tru e , then the in h ib itio n  o f genomic DNA synthesis could be a resu lt 
of the d i f f ic u l ty  of the reverse transcriptase to e ith e r cleave the dCTP 
analogue between the o and ^ positions, or to lig a te  the dCMP analogue
to the nascent DNA chain. Whatever the mechanism, i t  is  evident that
32fresh ly  prepared a - [  P]-dNTP should be used fo r maximum synthesis of 
genomic DNA in the phosphate-buffered reconstructed reaction.
Rate o f DNA Synthesis
The ra te  o f DNA synthesis in  the phosphate-buffered system was greater 
than in the T ris -b u ffe red  system (F ig . 6 ) .  Genome-length DNA was present 
less than one hour a fte r  in i t ia t io n  o f DNA synthesis (F ig . 7 ) .  Assuming 
genomic DNA to be approximately 7 .8 -8 .0  kb in length, the ra te  o f DNA 
synthesis in the phosphate-buffered system is  on the average 130-140 nuc­
leotides min  ̂ a t  39 ®C. This is  somewhat fa s te r than reported fo r the 
Tris-buffered  system (120 nucleotides-min"^) as reported by Olsen (1982) 
and as found in the present study (120-125 nucleotides-m in"V  This rate
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is also fa s te r than the 30 nucleotides min"^ observed upon in fection  of 
quail c e lls  by avian sarcoma virus (Varmus e t a l . ,  1978) but only 50% of 
the ra te  found in  the RAV-2 endogenous reaction (Boone and Skalka, 1981).
The k in etics  o f DNA synthesis in the phosphate-buffered reconstructed 
reaction are b iphasic, w ith an in i t ia l  rapid phase o f DNA synthesis f o l ­
lowed by a slow phase o f several hours (F ig . 6 ) .  The slow phase is  
marked by the accumulation o f genomic-length DNA transcripts (Fig.  7 ) .  
Sim ilar observations were noted in an e a r lie r  study o f the Tris-buffered  
reconstructed reaction (Olsen, 1982), in which the slow phase continued 
fo r 20 hours. Biphasic k inetics  have been reported by other researchers 
as well (Fujinaga e t a l . ,  1970; Q u in tre ll e t a l . ,  1971; Boone and Skalka; 
1981).
Detection of Plus DNA Synthesis in the Phosphate-Buffered Reconstructed 
Reaction
Evidence of plus DNA synthesis was obtained during the current stud­
ies involving the phosphate-buffered reconstructed reaction. O ligo(dT)- 
primed reactions incubated in  the presence o f 4 mM sodium pyrophosphate 
(F ig . 14b) were not capable o f synthesis o f the sm all-sized DNA species 
seen previously (F ig . 8 ) ,  although th is  class o f DNA was present in re ­
actions incubated in  the absence o f sodium pyrophosphate (Fig.14a) .  So­
dium pyrophosphate is  a reported in h ib ito r  o f RNase H a c t iv ity  and sec­
ond strand DNA synthesis (Myers and Spiegelman, 1978), which suggests 
that much of the sm all-sized DNA population synthesized in the tRNA^^^-
primed reaction may be o f plus p o la r ity . Hybridization to AMV 35S RNA 
template o f DNA 0 .2 -2 .5  kb th a t had been synthesized in a phosphate buf­
fered reconstructed reaction indicated th a t 40% of the DNA products did
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not hybridize (Fig.  15).  Hybridization experiments involving the to ta l 
DNA products synthesized in  a phosphate-buffered reconstructed reaction  
revealed th a t most o f the unhybridized DNA was less than 1.5 kb in length 
(F ig . 16) .  Fractionation of the sm all-sized DNA population by e lec tro ­
phoresis on 4.8% (w/v) polyacrylamide-7 M urea gels (F ig . 18) detected ' 
several major species o f DNA. Of these species, three were detectable 
by Southern b lo ttin g  w ith cDNAg, probe; plus ONÂ qq, plus DNÂ qq» and 
hpDNA (170 nucleotides). These species are anticomplementary to the 
3*-end o f the 353 RNA (3* LTR) and have been detected previously in the 
Tris-buffered  reconstructed reaction with cDNAg?  ̂ probes (Olsen and 
Watson, 1982). Additional plus DNA species up to 2.0 kb in length were 
detected w ith the non-specific cDNA^^pprobe (F ig . 17).  S im ilar species 
were also detected in the T ris -buffered  reaction , although they did not 
exceed 1.5 kb in length (Olsen, 1982). These results strongly suggest 
that plus DNA synthesis is  discontinuous. I f  i t  were continuous, then 
the cDNAg, and cONA^^p probes would have detected identical plus DNA 
species.
Previous studies o f the AMV reconstructed reaction (Olsen, 1982; 
Olsen and Watson, 1982) have shown that plus DNÂ qq and plus DNÂ qq are 
related to each o ther. Plus DNA^gg contains an internal sequence that is  
deleted in plus DNA^qq, and the detection o f both species by the LTR- 
specific probe suggests th a t they are located w ith in  the AMV LTR, Re­
s tr ic tio n  mapping studies o f the LTR (Olsen, 1982) suggested that these 
two plus DNA species are in it ia te d  and terminated a t the same locations 
on the cDNA tem plate. The mechanism by which th is  occurs is  unknown, 
but may involve heterogeneity in the 35S RNA, such as deleted sequences.
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or deletions may occur during the process o f reverse transcrip tion  of the 
v ira l 35S RNA or cDNA template. Plus DNÂ qq may be an a r t ifa c t  of the 
reconstructed reaction , as th is  species was only s lig h tly  detectable in 
the AMV endogenous reaction (Olsen, 1982). Modification o f the cation  
concentrations in the endogenous reaction reportedly decrease the amount 
of plus DNÂ qq.
Hairpin DNA did not appear as a major product o f the phosphate-buf­
fered reconstructed reaction (F ig . 10) although i t  comprised 50% of the 
DNA species less than 0 ,2  kb (F ig . 18).  Synthesis of hp DNA is a resu lt 
of incorrect elongation o f cDiNAg?̂  which does not undergo the correct 
transcrip tional jump, and copies i t s e l f  (Olsen, 1982). Hp DNA reanneals 
quickly to i t s e l f  in hybrid ization  experiments but can be detected by cDNA 
probes.
Hp DNA has been reported to be present in smaller amounts in the AMV 
endogenous reaction (Olsen, 1982). S im ilar findings were also reported 
for the avian sarcoma virus reconstructed and endogenous reactions (Swan- 
strom et a l . ,  1981a). Hp DNA, l ike  plus DNÂ qq» may be an a r t ifa c t  of 
the reconstructed reaction as i t  represents only a small fraction  of the 
AMV RNA genome. Although i t  has been suggested that hp DNA is involved 
in in it ia t io n  o f plus DNA synthesis (C o lle tt  and Faras, 1978), th is  would 
tend to preclude synthesis o f the LTR in lin e a r proviral DNA. However, 
hp DNA may play an unknown ro le  in re trovirus re p lica tio n .
Restriction Mapping o f the AMV Complex cDNA Transcripts
Early attempts to construct a re s tr ic tio n  map of the AMV complex with 
cDNA'RNA hybrids (Malloy and Symons, 1980) were unsuccessful. Several 
problems forced a d if fe re n t approach involving the use of cDNA-plus DNA du-
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plexes as substrates fo r re s tr ic tio n  endonuclease digestion. With the 
exception o f Hind I I I , none of the re s tr ic tio n  enzymes used in the cur­
rent study were able to  digest cDNA-RNA hybrids. Hind I I I  digestion was 
non-specific , and yielded a heterogenous range of digested fragments 
which contained no distinguishable species. Upon fu rther investigation , 
the Hind I I I  preparation was found to be contaminated by nucleases. The 
addition o f c a lf  thymus DNA to act as a c a rr ie r  did not resu lt in diges­
tion  o f the hybrids although an excess o f the appropriate re s tr ic tio n  en­
donuclease was present in  the reaction . Of the potential candidates fo r  
re s tr ic tio n  mapping o f the cDNA tem plate, only Eco R1 was reported to be 
able to  digest DNA*RNA hybrids. Other re s tr ic tio n  endonucleases such as 
Kpn 2» Bam H I, Xho _I, and Hind I I I , had not been demonstrated to be able 
to digest RNA'DNA hybrids {Malloy and Symons, 1980). Hybridization of 
the cDNA transcrip ts  to 35S RNA may have been incomplete in some instan­
ces. However, in  several experiments hybridization was essen tia lly  com­
plete yet subsequent analysis of the cDNA transcrip ts  revealed no detec­
table digestion products. As a co n tro l, the re s tr ic tio n  enzymes were 
able to digest double-stranded DNA, precluding the p o s s ib ility  th a t the 
re s tr ic tio n  endonucleases were in a c tiv e . A f in a l consideration in the 
decision to  switch to cDNA-plus DNA duplexes was the large amounts of 
suitable 35S RNA required fo r  hybrid iza tion . Therefore, a lte rn a tiv e ly , 
the second strand of DNA was synthesized with c a lf  thymus DNA primers and 
presized cDNA tran scrip ts  (Summers, 1975; Summers e t a l . ,  1975; Taylor 
et a l . ,  1978). Reverse transcrip tase was substituted fo r the Klenow
fragment o f DNA pol I  since i t  was re ad ily  avai lable.
Synthesis o f the second strand o f DNA was dependent on the concen­
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tra tio n  of the reverse transcriptase pool used. The extent of digestion  
of the DNA duplexes was dependent on the amount o f plus DNA synthesized.
In general, mass ra tio s  o f plus DNA/cDNA less than 0.5 were in s u ffic ie n t  
fo r mapping purposes although in several experiments mass ra tios  o f 0.4  
and less were s u ff ic ie n t to generate detectable re s tr ic tio n  fragments.
A consistent side reaction noted was the apparent a b i l i ty  o f the 
cDNA template to se lf-p rim e i t s e l f  in the absence of exogenous primers 
(F ig . 19).  This phenomena has been noted by other investigators (Schulz 
et a l . ,  1981). Although not rigorously proven, i t  is  believed that a t 
the term ination of cDNA synthesis by reverse transcrip tase, the cDNA 
template forms a small hairp in  a t the 3 *-end o f the nascent cDNA trans­
c r ip t ,  resu ltin g  in a free  3 '-OH group which can act as a primer. No ev­
idence has been presented thus fa r  th a t suggests that reverse transcrip ­
tase can in i t ia t e  DNA synthesis in the absence o f a free 3 '-OH group. 
Experimental conditions ru le  out the p o s s ib ility  o f residual RNA frag ­
ments present which could act as primers. Even with the addition of 350 
ug/ml c a lf  thymus DNA primers, s ig n ific a n t amounts o f plus DNA (up to 
29% of the to ta l amount) were synthesized via cDNA template extension 
(F ig . 19).  This side reaction could be minimized to less than 10% of 
the to ta l amount o f plus DNA synthesized by hybridization o f the primers 
and template fo llow ing heating and quick cooling o f the mixture. Exten­
sion o f the cDNA template was undesirable fo r two reasons. F irs t , the
3 32presence o f covalently linked [ H]-plus DNA and [  P]-cDNA could resu lt
in generation o f spurious re s tr ic tio n  frangments. Second, extension of 
the cDNA template might not be s u ff ic ie n t to convert single-stranded re­
s tr ic tio n  s ites  near the 5 '-end of the cDNA tran s crip t into  double-stran-
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ded DNA.
Previous re s tr ic tio n  mapping studies of the MAV-1, MAV-2, or AMV 
genomes have u t il iz e d  DNA intermediates isolated from infected cel ls  
(Bergmann e t a l . ,  1980, 1981; Baluda e t a l . ,  1983) or cDNA from the 
reconstructed reaction hybridized to plus DNA^^g (Olsen, 1982; Olsen 
and Watson, 1982), Due to  these e ffo r ts , a detailed re s tr ic tio n  map was 
availab le fo r AMV and MAV-1, which provided a check on mapping results  
obtained using cDNA synthesized in the phosphate-buffered reconstructed 
reaction. One complication previously mentioned using th is  type of 
approach, is  th at several types o f v ira l RNA species constitute the AMV 
complex. Except fo r the amv gene in sert in AMV, the re s tr ic tio n  maps 
are quite s im ila r .
The mapping data obtained fo r the re s tr ic tio n  enzymes Bam HI (Fig.  
22) and Hind I I I  (F ig . 24 and 26) resulted in detection o f re s tr ic tio n  
sites on the cDNA template iden tica l with the MAV-1 genome (Bergmann et 
a l . ,  1980, 1981; Baluda e t a l . ,  1983). Within the size ranges of the " 
cDNA transcrip ts  used (Table 6 ) ,  a l l  the known MAV-1 re s tr ic tio n  sites  
were detected. With the exception o f the known Hind I I I  re s tr ic tio n  s ite  
in the 3' LTR, no other s i tes sp ec ific  fo r the AMV genome were detected. 
Since MAV-1, MAV-2, and AMV share a common 3' LTR region, re s tr ic tio n  
sites sp ec ific  fo r  the 3' LTR o f AMV are indistinguishable from those 
in MAV-1 and MAV-2. In contrast, the Xho I mapping results (Fig.  25) 
were more ambiguous. In addition to  the expected re s tr ic tio n  frag ­
ments generated, two additional fragments were detected, 2.1 kb and 1.7 
kb, respectively . The 2.1 kb fragment could re su lt from incomplete d i­
gestion o f the DNA duplexes, or i t  could represent a unique re s tr ic tio n
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fragment as ye t unmapped. I f  the la t te r  suggestion is  tru e , then the 
re s tr ic tio n  s ite  would most l ik e ly  be located on the MAV-2 genome, as i t  
has not been extensively mapped (Bergmann e t a l . ,  1980). The MAV-2 ge­
nome might very well lack the 0.46 kb Xho I re s tr ic tio n  s ite . A more 
l ik e ly  explanation is  th a t the 2.1 kb fragment is  the re su lt o f incom­
plete d igestion. Support fo r  th is  contention arises from uncertainties  
in the extent o f conversion of the Xho I  re s tr ic tio n  s ite  into dsDNA .
The amount o f plus DNA synthesized was 70-85% o f the amount o f availab le  
template. This suggestion could be refuted by digestion of cDNA-plus 
DNA duplexes th a t were completely double-stranded. A lte rn a tiv e ly , iso­
la tio n  o f separate, p u rified  lo ts  o f AMV, MAV-1, and MAV-2 RNA, followed 
by mapping o f th e ir  respective cDNA tra n s crip ts , would provide a defin ­
i t iv e  answer. S im ila r ly , the minor 1.7 kb fragment did not f i t  the 
availab le  re s tr ic tio n  map. Unlike the 2.1 kb fragment, i t  is  not the 
summation of two or more Xho _I re s tr ic tio n  fragments and possibly repre­
sents a new, as ye t unknown, re s tr ic t io n  s ite .  I f  th is  suggestion is 
tru e , i t  is  probably located on the MAV-2 or AMV genome as th is  fragment 
was detected in  minor amounts. Further experimentation is necessary to 
resolve th is  question.
The presence of more than one type o f RNA species in the AMV complex 
was demonstrated in  mapping experiments involving Eco R1 (F ig . 21, 26). 
The p o s s ib ility  th a t Eco R1 may be cleaving sequences closely related to 
the recognition sequence is  not l ik e ly .  Experiments in which one strand 
of dsDNA was modified a t  the Eco R1 recognition s ite  resulted in only 
the unmodified strand undergoing cleavage (Bishop, 1979) by Eco R1.
Other reports have reported the a b i l i t y  o f Eco R1 to bind to nonspec­
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i f i c  s ites  on a v a rie ty  of polynucleotides (Goppelt e t a l . ,  1980; Lang- 
owski e t a l . ,  1980) although nonspecific cleavage was not detected. I f  
the two additional re s tr ic tio n  fragments are from AMV, then our standard 
RNA preparations contain th is  RNA specie in s ig n ifica n t amounts. The 
mapping resu lts  obtained with Kpn I did not c la r ify  th is  question. Any 
expected re s tr ic t io n  fragments from AMV would be obscured by the over­
lap o f secondary re s tr ic t io n  fragments generated by the MAV-1 cDNA trans­
c rip ts  (F ig . 20, 2 6 ). Resolution of th is  question in future experiments 
could include the use of re s tr ic tio n  enzymes specific  fo r AMV, such as 
Sma I ,  Bal I , and Sal I  (F ig . 4 ) .  Detection o f any re s tr ic tio n  fragments 
generated with these enzymes would suggest that AMV is present in detect-: 
able q u a n titie s , and an estimation o f the percent of AMV RNA in the AMV 
complex could be made.
Hgi A1 has not been used previously to map e ith e r the AMV, MAV-1, or 
MAV-2 genomes. Therefore, the data fo r two Hgi A1 re s tr ic tio n  sites is  
presented fo r the f i r s t  tim e. The 0.51 kb fragment is  located a t the 
3' LTR. Therefore, the AMV, MAV-1, and MAV-2 genomes should a ll  contain 
th is re s tr ic tio n  s ite .  The 2 .6  kb fragment cannot be unequivably assig­
ned to the MAV-1 genome, although the presence of th is  fragment in large 
quantities suggests th a t i t  is  (F ig . 23 ). MAV-1 is  believed to comprise
the m ajority o f the RNA species in the AMV complex (Bergmann et a l . ,
1980, 1981). The 3 .2  kb fragment may be the re su lt of incomplete diges­
tion by Hgi A1. In  support o f th is ,  the extent o f plus DNA synthesis
was only 85% o f the av a ilab le  cDNA. Another l ik e ly  explanation is that
one of the RNA species present in the AMV complex lacks a Hgi A1 re ­
s tr ic tio n  s ite . At the present, the data does not indicate which sug-
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gestion is  co rrec t. Resolution of th is  question could come from mapping, 
experiments involving separate lo ts  o f MAV-1, MAV-2, and AMV RNA as men­
tioned fo r Xho I_.
Some minor problems occurred during mapping which could be circum­
vented in  fu ture experiments. Mapping o f the 3 '-end o f the cDNA genome 
(5* LTR) was handicapped by in s u ffic ie n t genomic DNA. This could be 
overcome in  two ways. F ir s t ,  the reconstructed reaction could be fu rther 
optimized with respect to  genomic DNA synthesis. This would en ta il use 
of additional components not availab le  a t the present tim e, such as ad­
d itio n  o f v ira l-associa ted  proteins to the reconstructed reaction. One 
candidate, the v ira l-associa ted  protein p l2 , is  thought to be associated 
with the 35S RNA genome in the native v irio n  and may act to relax the 
RNA (Leis e t a l . ,  1983). A more practical solution would be to scale 
up the reaction . This suggestion would require additional amounts of 
purified  reverse transcrip tase and v ira l 35S RNA. Another problem of 
a technical nature involved separation o f the cDNA transcripts by sedi­
mentation ve loc ity  ce n trifu g atio n . On several occasions, considerable 
heterogeneity in the sizes o f the cDNA transcrip ts  was evident (F ig . 26). 
This resulted in d i f f ic u l t ie s  in id e n tif ic a tio n  of certa in  re s tr ic tio n  
fragments due to  the background o f heterogenous cDNA (F ig . 26 ). To avoid 
th is , frac tio n a tio n  o f the cDNA transcrip ts  on low-melting agarose gels 
would allow fo r cDNA transcrip ts  o f narrower size ranges to be selected. 
One drawback to  th is  method is  th a t increased amounts o f cDNA transcripts  
would be necessary to ensure th a t s u ff ic ie n t templates are availab le  fo r  
plus DNA synthesis. Since the extent o f re s tr ic tio n  digestion o f du­
plex DNA was d ire c t ly  proportional to  the amount o f plus DNA synthesized.
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the key step in successful mapping was synthesis o f plus DNA in high 
y ie ld s . Use o f the Klenow fragment of DNA pol I could be an a lte rnate  
choice fo r second strand synthesis (Taylor e t a l . ,  1978). Other research­
ers have u t il iz e d  highly concentrated reverse transcriptase fo r second 
strand synthesis w ith corresponding high yie lds (Schulz et a l . ,  1981). 
These minor problems were not insurmountable, as evidenced by the suc­
cessful detection of re s tr ic tio n  s ites  fo r six d iffe re n t re s tr ic tio n  
endonucleases.
Although th is  method of mapping was developed fo r analysis of the 
re s tr ic tio n  s ite s  located on the cDNA template synthesized in the phos­
phate-buffered reconstucted reaction , i t  can be applied to other systems 
other than AMV. T h e o re tic a lly , any v ira l or non-viral RNA can be mapped 
by th is  method, provided th a t synthesis o f cDNA is in it ia te d  at a spec­
i f i c ,  unique location . Poly(A)-containing RNA could be primed with a 
specific DNA or RNA containing an oligo(dT) or poly(rU) t a i l  ligated to 
a mono-, d i - ,  or even trin u c le o tid e  complementary to the 3 '-end of the 
RNA. Furthermore, th is  d ire c t approach does not re ly  upon more compli­
cated mapping procedures such as double d igestion, p a rtia l digestion, 
and other methods which have made re s tr ic tio n  mapping laborious at times 
(Smith and B ir n s t ie l , 1976). Mapping of RNA species using cDNA trans­
crip ts  synthesized with reverse transcriptase constitutes an a lte rn a tive  
approach to tra d itio n a l mapping procedures, and has been used by other 
researchers (Taylor e t a l . ,  19 78 ).
Detection of the Second Long Terminal Redundancy (LTR)
The DNA products synthesized in the Moloney murine leukemia and 
murine sarcoma virus endogenous reactions have been shown to contain
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both the S' and 5' LTRs (Benz and Dina, 1979; Gil boa e t a l . ,  1979; Dina 
and Benz, 1980). No evidence has been presented thus fa r  which demon­
strates the c a p a b ility  o f the reconstructed reaction to synthesize ge­
nomic DNA containing the second (5* LTR). An attempt was made in the 
present study to t ry  to determine whether the genomic cDNA transcrip ts  
synthesized in the AMV phosphate-buffered reconstructed reaction con­
tained the second LTR by Southern b lo ttin g  (Southern, 1975).
Two possible probes were considered fo r use to detect the second 
LTR; plus DNÂ qq and sub 8-lOS poly(A)^ RNA (Shank e t a l . ,  1978a). Plus 
DNÂ OO was not used because i t  was not availab le  in adequate quantities . 
The RNA probe was very se lec tive  fo r the LTR, as determined by its  size  
(F ig . 2 9 ), and i ts  s p e c if ic ity  fo r cDNA complementary to the 3 '-end of 
35S RNA. The RNA probe did not detect the c a rr ie r  c a lf  thymus DNA, a l ­
though i t  was present in a l l  lanes o f the b lo t in pg amounts (F ig . 30). 
The s e n s it iv ity  o f the probe was apparent in its  a b i l i ty  to detect nano­
gram amounts o f LTR-containing cDNA (F ig . 30 ). Since the 3' and 5' LTR 
are believed to  contain iden tica l primary sequences, a LTR-specific 
probe cannot d istinguish  between them. To overcome th is  obstacle, re ­
s tr ic tio n  digestion o f genomic DNA th a t had been converted into duplex 
DNA was necessary to provide a means to distinguish between both LTRs. 
Restriction mapping in conjunction w ith Southern b lo tting  has been used 
to successfully detect the second LTR in avian sarcoma proviral DNA iso­
lated from infected  c e lls  (Hughes e t a l . ,  1978; Shank e t a l . ,  1978b). 
Analysis o f the re su ltin g  b lo t (F ig . 30) did not provide a d e fin it iv e  an­
swer to th is  question. I f  genomic cDNA transcrip ts  synthesized in the 
phosphate-buffered reconstructed reaction do contain elements of the
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second LTR, then the procedure was not s u ffic ie n tly  se lective or sensi­
t iv e  enough to detect i t .  Since the extent o f digestion of duplex DNA by 
re s tr ic t io n  endonucleases is d ire c tly  propportional to the amount o f plus 
DNA synthesized (55% in th is  experiment), uncertainties remain as to the 
extent o f conversion of the Kpn I re s tr ic tio n  s ite  into dsDNA.
To resolve th is  question experim entally, the following modifications 
would be helpful in future experiments using th is  approach. F irs t,  
assuming th a t adequate quantities  o f genomic cDNA are av a ilab le , only 
cDNA transcrip ts  longer than 6.5 kb should be used as template for second 
strand synthesis. This pool o f cDNA, even i f  p artia l digestion by Kpn I 
or another su itab le  re s tr ic t io n  enzyme did re s u lt , could easily be d is­
tinguished from the 5.5 kb Kpn I re s tr ic tio n  fragment. As a contro l,
32[ P ]-labeled  cDNA could be synthesized in a p ara lle l reaction, and tre a t ­
ed s im ila r ly  to the sample cDNA. Second, synthesis of the second strand 
of DNA with both control and sample cDNA should be extensive (90% or great­
er) to ensure adequate coverage o f the Kpn I re s tr ic tio n  s ite . Use of the 
Klenow fragment o f DNA pol I or high concentrations o f purified  AMV re­
verse transcrip tase would be su itab le  fo r second strand synthesis. To 
aid in confirmation o f the extent o f plus DNA synthesis, an aliquot of 
the control duplex could be subjected to SI nuclease digestion to estimate 
the percent o f single-stranded cDNA remaining. Third , the extent of d i­
gestion by Kpn I could be determined by electrophoresis o f the control 
duplex. In ad d itio n , digestion o f in ta c t , unlabeled lambda phage DNA 
by Kpn I followed by 5 '-end labeling  would serve as an additional control 
as the locations o f the Kpn I re s tr ic tio n  s ites  on lambda phage DNA are 
well known. Fourth, the e ffic ie n c y  o f tran s fer of large DNA fragments
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are not as e f f ic ie n t  as the transfer o f small size DNA fragments. The 
ra te  o f tran s fer depends on the molecular weight o f the DNA specie and 
the porosity o f the g e l. Transfer o f large size DNA may be improved by 
stringent hydrolysis o f the DNA-containing gel p rior to transfer by de- 
purination with acid (Wahl e t a l . ,  1979), use of n itroce llu lose  f i l t e r s  
in conjunction w ith lengthened b lo ttin g  times, or use of a lower mass 
percent o f agarose (Shank e t a l . ,  1978b). Extended periods o f blotting  
to n itro c e llu lo s e  f i l t e r s  (up to 60 hours) have been used by some re ­
searchers with good resu lts  (Shank e t a l . ,  1978b) whereas b lo tting  per­
iods greater than 24 hours with DBM paper may increase background or 
cause d iffu s io n  o f the transferred DNA. Another possible method to en­
sure s u ff ic ie n t breakage o f the DNA may be to stain the DNA-containing 
gel with ethidium bromide, followed by exposure to UV irra d ia tio n . Care 
must be taken not to hydrolyze the DNA too much, as DNA fragments less 
than 0.3 kb are too short to bind e f f ic ie n t ly .  Use of labeled DNA mark­
ers o f known molecular weight and d is trib u tio n  would be ideal fo r pre­
lim inary studies to  maximize tra n s fe r of large fragments o f DNA. One 
a lte rn a tive  to th is  approach could be use o f a re s tr ic tio n  enzyme such 
as Bam H I. This enzyme is capable o f digesting genomic cDNA into m u lti­
ple re s tr ic tio n  fragments, w ith the LTR-containing fragments re la tiv e ly  
short in length (less than 3 kb) but distinguishable from each other 
(Shank e t a l . ,  1978a; Bergmann e t a l . ,  1981; Baluda et a l . ,  1983). This 
would avoid extensive m odification to the b lo ttin g  procedure but would 
require additional mapping data. F in a lly , use o f the LTR-specific sub 
8-1 OS poly(A)^ RNA probe could be used, as i t  has been shown to be suf­
f ic ie n t ly  se lec tive  fo r  cDNA containing a LTR (F ig . 30).
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Although the presence of the second LTR in the genomic DNA trans­
c rip ts  synthesized in the phosphate-buffered reconstructed reaction can­
not be confirmed, neither can the p o s s ib ility  that i t  is not present be 
excluded. The procedure used to attempt to detect the second LTR demon­
strated th a t i t  may be possible to successfully answer th is  question. A
s im ilar approach, follow ing the modifications as set fo rth , should be 
capable of providing a d e f in it iv e  answer to th is  question.
Summary
Conditions fo r  and properties o f reverse transcription were examined 
using the optimized AMV RNA-directed reconstructed reaction. The enhanced 
effects  o f potassium phosphate on RNA-directed DNA synthesis demonstrated 
i ts  s u ita b il i ty  as a b u ffe r system. Compared to Tris-H C l, the DNA prod­
ucts o f the phosphate-buffered system were synthesized in larger quanti­
ties  a t a fa s te r ra te , w ith a greater proportion o f these transcripts  
at or near genome-length. Other species o f DNA were detected which are 
sim ilar to those synthesized in the Tris-buffered  system (Olsen, 1982). 
Plus DNA synthesis was extensive, apparently discontinuous, and species 
up to 2 .0  kb in  length were detectab le. Several descrete species of plus 
DNA were detected, including plus DNA^^ .̂ This la t te r  species is  believed 
to play a ro le in  the second transcrip tional jump during proviral DNA 
synthesis.
A re s tr ic tio n  map o f the AMV complex cDNA was compiled and was based 
upon cDNA tran scrip ts  synthesized in the phosphate-buffered system. Mul­
t ip le  re s tr ic tio n  s ite s  fo r  s ix enzymes were located at or near the 5 '-  
end of the cDNA template (S ' LTR). With one exception, these sites were 
identical to those mapped fo r  AMV, MAV-1, and MAV-2 DNA isolated from in ­
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fected c e lls  (Baluda e t a l . ,  1983). Two new re s tr ic tio n  sites were mapped 
in the AMV complex with Hgi A1, a re s tr ic tio n  enzyme not previously used 
to map the AMV complex (Bergmann e t a l . ,  1982). Furthermore, the mapping 
resu lts  demonstrated th a t the cDNA transcrip ts synthesized in the phos­
phate-buffered reaction are biochemically s im ilar to those found in in ­
fected c e lls .  The mapping procedure was simple, d ire c t, and could pos­
s ib ly  be applied to other RNA species other than AMV. Specific cDNA 
probes could be generated from th is  mapping procedure to investigate  
fu rth e r the mechanism of plus DNA synthesis.
An attempt to detect the second LTR in genomic DNA transcripts by 
Southern b lo ttin g  in conjunction with re s tr ic tio n  digestion using Kpn I 
was not successful. Although LTR-containing cDNA was detected, the pro­
cedure was not s u ff ic ie n t ly  se lective  to discrim inate between the f i r s t  
and second LTRs. This question could not be resolved in th is  study due 
to lack o f p u rifie d  template 35S RNA. A more stringent approach based 
upon th is  method was o u tlin ed , which could perhaps answer th is  question.
Undoubtedly, the reconstructed reaction is  lacking in ce rta in , as 
yet unknown, components which are present in the endogenous reaction as 
well as in infected  c e lls . However, since many of the DNA structures 
observed in vivo are generated in the reconstructed reaction , i t  would 
appear th a t th is  system is usefu l. The advantage of the reconstructed 
reaction over other approaches is  that the e ffe c t(s ) o f a single com­
ponent on RNA-directed DNA synthesis can be examined in depth, as dem­
onstrated by the current study. Studies involving the re tro v ira l recon­
structed reaction could be extended by inclusion of other suspected fac - 
to r(s ) which might play a ro le  in reverse tran scrip tio n . Id e n tific a tio n
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of these components and th e ir  effect(.s) on reverse transcrip tion  in a re ­
constructed system would enhance our knowledge o f re tro v ira l rep lica tion  
to a greater degree.
136
REFERENCES
Alwine, J .C .; Kemp, D .J. and Stark, G.R. (1977). Method fo r detec­
tion  o f specific  RNAs in agarose gels by transfer to diazobenzyloxy- 
methyl-paper and hybrid ization with DNA probes. Proc. N atl. Acad. S c i.
USA 74, 5350-5354.
Auld, D .S .; Kawaguchi, H .; Livingston, D.M. and V allee , B.L. (1974). 
RNA-dependent DNA polymerase (reverse transcriptase) from avian myelo­
b lastosis virus: a zinc metalloenzyme. Proc. N a tl. Acad, Sci. USA 71,
2091-2095.
Aviv, H. and Leder, P. (1972). P u rifica tio n  of b io log ica lly  active  
globin messenger RNA by chromatography on o ligothym idyllic  acid-cellu lose  
Proc. N a tl. Acad. Sci. USA 69^ 1408-1412.
Baltimore, D. (1970) V ira l RNA-dependent DNA polymerase. Nature. 226, 
1209-1211.
Baltimore, D. and Smoler, D. (1971). Primer requirement and template 
s p e c ific ity  o f the RNA tumor virus DNA polymerase. Proc. N atl. Acad.
Sci. USA 68, 1507-1511.
Baltimore, D. and Smoler, D.F. (1972). Association of an endoribonuc- 
lease with the avian myeloblastosis virus deoxyribonucleic acid polymer­
ase. J. B io l. Chem. 247, 7282-7287.
Baluda, M.A. and Goets, I .E .  (1961). Morphological conversion of ce ll 
cultures by avian myeloblastosis v irus . Virology 1^, 185-199.
Baluda, M .A.; Perbal, V . ; Rushlow, K.G. and Papas, T.S. (1983). Avian Myel 
oblastosis V irus: A model fo r the Generation o f V ira l Oncogenes from
P o ten tia lly  Oncogenic C e llu la r Genetic Elements. Folia biologica (Praha) 
29, 18-34.
Bantle, J .A .; Maxwell, I .H .  and Hahn, W.E. (1976). S p ec ific ity  of oligo  
(dT)-ce llu lose chromatography in the iso la tion  of polyadenylated RNA. 
Anal. Biochem. 72̂ , 413-427.
Beard, J.W. (1963a). Avian virus growths and th e ir  e tio lo g ic  agents.
Adv. Cancer Res. 7_, 1-127.
Beard, J.W. (1963b). V ira l tumors o f chidkens with particu lar reference 
to the leukosis complex. Ann. N.Y. Acad. S c i. 108, 1057-1085.
Beaudreau, G .S .; Becker, C .; Bonar, R .A .; Wallbank, A.M.; Beard, D. and 
Beard, J.W. (1960). Virus o f avian myeloblastosis. XIV. Neoplastic 
response o f normal chicken bone marrow treated with the virus in tissue  
culture. J. Nat. Cancer In s t itu te  24, 395-418.
137
Beemon, K .L .; Paras, A .J .;  Haase, A .T .;  Duesberg, P.M. and M aisel, J.E . 
(1976). Genomic complexities of murine leukemia and sarcoma, re tic u lo -  
endotheliosis, and visna viruses. J . V irol 17̂ , 525-537.
Beemon, K.L. and K eith , J.M. (1977). Localization of N^-methyladenosine 
in the Rous sarcoma virus genome. J. Mol. Biol 113, 165-179.
Bender, W. and Davidson, N. (1976). Mapping of poly(A) sequences in the 
electron microscope reveals unusual structure o f type C oncornavirus 
RNA molecules. Cell 7.» 595-607.
Benz, E.W. and Dina, D. (1979). Moloney murine sarcoma virions synthe­
size full-genom e-length double- stranded DNA in v it ro . Proc. N atl. Acad. 
Sci. USA 7^, 3294-3298.
Bergmann, D .6 .; Souza, L.M. and Baluda, M.A. (1980). Characterization  
of Avian Myeloblastosis-Associated virus DNA intermediate. J. V iro l.
34, 366-372.
Bergmann, D.G.; Souza, L.M and Baluda, M.A. (1981). Vertebrate DNAs 
contain nucleotide sequences re lated  to the transforming genes of 
avian myeloblastosis v iru s . J . V iro l. 450-455.
B i l le te r ,  M.A.; Parsons, J .T . and C o ffin , J.M. (1974). The nucleotide 
sequence complexity o f avian tumor virus RNA. Proc. N atl. Acad. Sci.
USA 21, 3560-3564.
Bishop, J.M. (1978). Retroviruses. Ann. Rev. Biochem. 42, 35-88.
Bishop, J.M. (1981). Enemies W ithin: the genesis of retrovirus onco­
genes. Cell 5 -6 .
Bishop, J .M .; Courtneidge, S .A .; Levinson, A .D .; Opperman, M.; Q u in tre ll, 
N .; Sheiness, D .K .; Weiss, S.R. and Barmus, H.E. (1979). Origin and 
function o f avian re tro v iru s  transforming gene. Cold Spring Harbor Symp. 
Quant. B io l. 35, 649-657.
B la t t i ,  S .P .; Ing les , C .J .;  L in d e ll, T .J .;  M orris, P.W.; Weaver, R .F .; 
Weinberg, F. and R u tter, W. J . (1970). Structure and regulatory prop­
erties  o f eucaryotic RNA polymerase. Cold Spring Harbor Symp. Quant.
B io l. 35, 649-657.
Bonar, R.A. and Beard, J.W. (1959). Virus o f avian myeloblastosis (BAI 
strain A ). X I I .  Chemical C onstitu tion . J. Nat. Cancer In s t. 23, 183- 
197).
Bonar, R .A.; Heine. U .; Beard, D. and Beard, J.W. (1963). Virus of avian- 
myeloblastosis (BAI s tr a in ) .  X X II I .  Morphology of the virus and compar­
ison with s tra in  R (e r th r  o b la s to s is ). J. Nat. Cancer In s t . ,  30̂ , 949- 
997)
138
Boone, L.R. and Skalka, A. (1980). Two species of fu ll- le n g th  cDNA are 
synthesized in high y ie ld  by m elitten -treated  avian retrovirus p a rtic le s . 
Proc. N a tl. Acad. Sci. USA 77_, 847-851).
Boone, L.R. and Skalka, A.M. (1981a). V ira l DNA synthesized in v itro  by 
avian re tro v iru s  p artic le s  permeabilized with m e lit t in . I .  kinetics  
of synthesis and size of minus-and plus-strand transcrip ts . J. V iro l.
37., 109-116).
Boone, L.R. and Skalka, A.M. (1981b). V ira l DNA synthesized in v itro  
by avian re tro v iru s  p artic le s  permeabilized with m e litt in . I I .  e v i­
dence fo r a strand displacement mechanism in plus-strand synthesis. J. 
V iro l. 37, 117-126.
Bosselman, R.A. and Verma, I.M . (1980). Genome organization of re tro ­
viruses. V. in vitro-synthesized moloney murine leukemia virus DNA has 
long terminal redundancy. J . V iro l. 487-493.
Brawerman, G. (1974). The iso la tion  o f messenger RNA from mammalian 
c e lls . In Method o f Enzymology, Vol. 30, L. Grossman and K. Moldave, 
eds (New York: Academic Press), 605-612.
Brewer, L.C. and W ells, R.D. (1974). Mechanistic independence o f avian 
myeloblastosis virus DNA polymerase and ribonuclease H. J. V iro l. 14, 
1494-1502.
Bokhari, A . I . ;  Shapiro, J .A .; and Adhya, S. (1977). DNA Insertion Ele­
ments, Plasmids and Episomes. (New York: Cold Spring Harbor Labora­
to ry ).
Calos; M.P. and M il le r ,  J.H . (1980). Transposable Elements. Cell 20, 
579-595.
Canaan, X .E .; Tronick, S .R .; Robbins, K.C.; Anderson, P .R .; Dunn, C.Y. and 
Aaronson, S.A. (1980). C e llu la r o rig in  o f the transforming gene of 
Moloney murine sarcoma v iru s . Cold Spring Harbor Symp. Quant. B io l. 44, 
727-734. ~
Casey, J. and Davidson, N. (1977). Rates o f formation and thermal stab­
i l i t i e s  of RNA:0NA duplexes a t high concentrations of formamide. Nucl. 
Acids Res. £ ,  1539-1552.
32
Chaconas, G. and Van de Sande, J.H . (1980). 5 ' -  P labeling o f RNA and
DNA re s tr ic tio n  fragments. Meth. Enzymology 65̂ , 75-85.
Chen, J .H .; Hayward, W .S.; and Moscovici, C. (1981). Size and genetic 
content o f v iru s -s p e c ific  RNA in myeloblastosis transformed by avian 
myeloblastosis virus (AMV). Virology 110, 128-136.
139
Clayman, C .H .; Mosharrafa, E. and Faras, A .J. (1979). In v itro  synthe­
sis o f in fectious transforming DNA by the avian sarcoma virus reverse 
transcrip tase. J. V iro l,  2^, 242-249.
C o lle tt ,  M.S. and Faras, A .J. (1975). In v itro  transcriptase of DNA 
from the 70S RNA o f Rous sarcoma virus: Id e n tific a tio n  and character­
is t ic s  o f various size classes o f DNA transcrip ts . J. V iro l. 1^, 1220- 
1228.
C o lle tt ,  M.S. and Faras, A .J. (1977). In v itro  transcription of the 
avian oncornavirus genome by the RNA-directed DNA polymerase: anal­
ysis o f DNA transcrip ts  synthesized in reconstructed enzymatic reactions. 
J. V iro l.  22, 86-96.
C o lle tt ,  M.S. and Faras, A .J . (1978). Avian retrovirus RNA-directed DNA 
synthesis transcrip tion  a t the 5' terminus of the v ira l genome and the 
functional ro le  fo r the v ira l terminal redundancy. Virology 86, 297- 
311.
C o lle tt , M .S.; D ierks, P .; Parsons, J .T . and Faras, A.J. (1978a). RNase 
H hydrolysis o f the 5* terminus of the avian sarcoma virus genome during 
reverse tran s crip tio n . Nature 272, 181-184.
C o lle tt , M .S.; Le is , J .P .;  Smith, M.S. and Faras, A .J. (1978b). Unwind­
in g -lik e  a c t iv ity  associated with avian retrovirus RNA-directed DNA poly­
merase. J . V iro l. 26_, 498-509.
Cordell, 8 . ; Stavnezer, E. ; F ried rich , R. ; Bishop, J.M. and Goodman, H.M
(1976). Nucleotide sequence th at binds primer fo r DNA synthesis to the
avian sarcoma virus genome. J . V iro l. 1^, 548-558.
Crittenden, L .B .; Hayward, W.S.; Hanafusa, H. and Fadley, A.M. (1980). 
Induction of neoplasms by subgroup E recombinants of exogenous and en­
dogenous avia retroviruses (Rous-associated virus type 60 ). J. V iro l. 
915-919.
C zernilofsky, A .P .; De Lorbe, W.; Swanstrom, R .; Varmus, H .E .; Bishop, 
J.M .; T isher, E. and Goodman, J.M. (1980). The nucleotide sequence of 
an untranslated but conserved domain a t the 3' end of the avian sarcoma 
virus genome. Nucl. Acids Res. 8 , 2967-2981.
Dahlberg, J .E .;  Sawyer, R .C .; Tay lo r, J .M .; Faras, A .J .; Levinson, W.E.; 
Goodman, J.M. and Bishop, J.M. (1974). Transcription of DNA from the 
70S RNA of Rous sarcoma v irus . I .  id e n tific a tio n  o f a specific  45 RNA
which serves as primer. J . V iro l.  1_3, 1126-1133.
D a rlix , J .L .;  Bromley, P.A. and Spahr, P.F. 09771. New procedure fo r 
the d irec t analysis of in  v itro  reverse transcrip tion  of Rous sarcoma 
virus RNA. J . V iro l.  22, 1180129.
140
OeFeo, D .; Gonda, M.A.; Young, H .A .; Chang, E .H .; Lowry, D .R .; Scolnik, 
E.M. and E li is ,  R.W. (1981). Analysis o f two divergent ra t genomic 
clones homologous to the transforming gene of Harvey murine sarcoma 
v iru s . Proc. N a tl. Acad. Sci. USA 78, 3328-3332.
D elius, J . ;  Duesberg, P.M. and Mangel, W.F. (1974). Electron micro­
scope measurements o f Rous sarcoma virus RNA. Cold Spring Harb. Symp. 
Quant. B io l. 39, 835-843.
Denhardt, D.T. (1966). A membrane f i l t e r  technique fo r  the detection  
o f complementary DNA. Biochem. Biophys. Res. Comm. 22* 641-646.
Dhar, R .; McClements, W.L.; Enquist, L.W. and Van de Woude, G.F. (1980). 
Nucleotide sequences of integrated Moloney sarcoma provirus long term­
inal repeats and th e ir  host and v ira l junctions. Proc. N a tl. Acad. Sci. 
USA 77, 3937-3941.
Dimock, K. and S to ltz fu s , D.M. (1977). Sequence s p e c if ic ity  o f in te rn a l 
méthylation in B77 avian sarcoma virus RNA subunits. Biochemistry 16, 
471-478.
Dina, D. and Benz, E.W. (1980). Structure of murine sarcoma virus DNA 
re p lic a tiv e  intermediates synthesized in v it r o .  J . V iro l.  33, 377- 
389.
Duesberg, P.M.; B is te r, K. and Moscovici, C. (1980). Genetic structure  
of avian myeloblastosis v iru s , released from transformed myeloblasts as 
a defective virus p a r t ic le . Proc. N a tl. Acad. S c i. USA 77, 5120-5124.
Dunsmuir, P .; Brorein J r . ,  W .J ., Simon, M.A. and Rubin, F.M. (1980). 
Insertion of the Drosophila transposable element copia generates a 5 
base p a ir dup lication . Cell 29 575-579.
E fs tra tia d is , A .; Posakany, J .W .; M an iatis , T .;  Lawn, R.M.; O 'Connell,
C .; S p r itz , R .A .; De R ie l, J .K .;  Forget, B.G.; Weissman, S.M .; Slightom, 
J .C .; B lech l, A .E .; Sm ithies, 0 . ;  B a ra lle , F .E .; Shoulders, C.C. and 
Proudfoot, N .J. (1980), The structure and evolution o f the human B- 
globin gene fam ily . Cell 21_, 653-668.
Eiden, J .J . ;  Quade, K. and Nichols, J .L . (1976). In te ra c tio n  o f try p to ­
phan tra n s fe r RNA w ith Rous sarcoma virus 35S RNA. Nature 259, 245- 
247.
Ellermann, V. and Bang, 0. (1908). Expérimente!le leukamie bei huhnere. 
Z e n tra lb l. Bakterid. Abt. I (o r ig ) .  46, 595-609.
Enea, V. and Zinder, N.D. (1975). Guanidinium-CsCl density gradients  
fo r  isopycnic analysis o f nucleic acids. Science 190, 584-586.
Erikson, E. and Erikson, R.L. (1976). The o rig in  o f 7S RNA in v irio ns  
o f avian sarcoma viruses. V iro l. 72, 518-522.
141
Farabaugh» P.O. and Fink, G.R. (1980). Insertion o f the eukaryotic 
transposable element Ty 1 creates a 5-base p a ir dup lication . Nature 
286. 352-356.
Faras, A .J .;  Garapin, A .C .; Levinson, W.E.; Bishop, J.M. and Goodman,
H.M. (1973). Characterization o f the low-molecular weight RNAs assoc­
iated  w ith the 70S RNA o f Rous sarcoma v iru s . J . V iro l. 12̂ , 335-342.
Fenner, F. (1976). The c la s s ific a tio n  and nomenclature o f viruses.
Summary o f resu lts  o f meetings o f the In ternational Committee on Tax­
onomy o f Viruses in  Madrid, September 1975. V iro l.  7]_, 371-378.
F ried rich , R .; Kung, H .J .;  Baker, B .; Varmus, H .E .; Goodman, H.M. and 
Bishop, J.M. (1977). Characterization o f DNA complementary to nucleo­
tid e  sequences a t  the 5 ‘ -terminus of the avian sarcoma virus genome.
V iro l. 79, 198-215.
F ried rich , R. and M oelling, K. (1979). E ffect o f v ira l RNase H on the 
avian sarcoma v ira l genome during ea rly  transcrip tion  in v it r o .  J.
V iro l. 31. 630-638.
Fujinaga, K .; Parsons, J .T .;  Beard, J.W .; Beard, D. and Green, M. (1970). 
Mechanism of carcinogenesis by RNA tumor viruses. I I I .  formation of 
RNA-DNA complex and duplex DNA molecules by the DNA polymerase(s) o f 
avian myeloblastosis v iru s . Proc. N a tl. Acad. Sci. USA 67̂ , 1432-1439.
Furiuchi, Y .; Shatkin, A .J .;  Stavnezer, E. and Bishop, J.M. (1975).
Blocked, methylated 5 ‘ -term inal sequence in avian sarcoma virus RNA.
Nature 257, 618-620.
Gafner, J. and Philippsen (1980). The yeast transposon Ty 1 generates 
duplication of ta rg e t DNA on in s e rtio n . Nature 286, 414-418.
Garapin, A .C .; Varmus, H .E .; Faras, A .J .;  Levinson, W.E. and Bishop, J.M. 
(1973). RNA-directed DNA synthesis by v irio n s  o f Rous sarcoma virus: 
further characterization  o f the templates and the extent o f th e ir  trans­
crip tio n . V iro l.  52̂ , 264-274.
Gibson, W. and Verma, I.M . (19 74 ). Studies on the reverse tran scrip ­
tase of RNA tumor viruses. S tructura l relatedness o f two subunits of 
avian tumor viruses. Proc. N a tl. Acad. S c i. USA 71_, 4991-4994.
Gil boa, E .; Goff, S .; Sh ie lds, A .; Yoshimura, F .;  M itra , S. and Baltim ore,
0. (1979a). In v itro  synthesis o f a 9 kbp te rm in a lly  redundant DNA car­
rying the in fe c t iv ity  o f Moloney murine leukemia v iru s . C e ll.  16, 863- 
874.
Gil boa, E.*, M itra , S.W.; G off, S. and Baltim ore, D. (1979b). A d eta iled  
model of reverse tra n s crip tio n  and tes ts  o f c ruc ia l aspects. Cell 18, 
93-100.
142
Golomb, M. and Grangenett, O.P. (1979). Endonuclease a c t iv ity  of p u ri­
fied  RNA-directed DNA polymerase from avian myeloblastosis v irus . J.
B io l. 254. 1606-1613.
Gonda, T .J .;  Sheiness, O .K.; Fanshier, L .;  Bishop, J .M .; Moscovici, C. 
and Moscovici, M.G. (1981). The genome and the in tra c e llu la r  RNAs of
avian myeloblastosis v iru s . Cell 22, 279-290.
Goodman, M.G. and Spiegelman, S. (1971). Distinguishing reverse trans­
criptase o f an RNA tumor virus from other known DNA polymerases. Proc.
N a tl. Acad. S c i. USA 68, 2203-2206.
Goppelt, M .; Pingoud, A.M.; Maass, G .; Mayer, J . ;  Doster, J. and Frank,
I .  (1980). The in te ra c tio n  of the Eco R1 re s tr ic tio n  endonuclease with  
i ts  substrate. Eur. J . Biochem, 104, 101,107.
Gorman, C.M.; M erlino, F .T .;  Willingham, M.C.; Pastan, I .  and Howard,
B.H. (1982). The Rous sarcoma virus long terminal repeat is  a strong 
promoter when introduced in to  a v a rie ty  o f eukaryotic c e lls  by DNA me­
diated tra n s fec tio n . Proc. Nat. Acad. S c i. USA 72» 6777-6781.
Graf, T. and Bueg, H. (1978). Avian leukemia viruses: in te raction  with
th e ir  target c e lls  in vivo and in v it r o .  Biochem. Biophys. Acta 516, 
269-299.
Grandgenett, D .P .; Gerard, G.F. and Green, M. (1973). A single subunit 
from avian myeloblastosis virus w ith  both RNA-directed DNA polymerase 
and ribonuclease H a c t iv i ty .  Proc. N a tl. Acad. Sci. USA TÔ , 230-234.
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